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With an ageing and demanding society comes an increased use of 
biomaterials to ensure restauration of function and a better life 
quality; hence the need for new innovative biomaterials. The majority 
of the biomaterials currently used are known as second generation 
biomaterials, because they do not possess any bioactive properties to 
stimulate or control desired cellular interactions. In order to 
outperform these second generation biomaterials, new materials must 
be engineered to trigger desired cellular response. This can be done 
either by biomaterial surface modification or by the development of 
new performant biomaterials. Provided their good mechanical 
properties, the problem of most biomaterials is that their surfaces are 
hydrophobic in their native state. This surface property is not optimal 
for cell adhesion and proliferation and can prevent proteins from 
attaching and make attached proteins unfold which would render 
them functionally defective. 
As it is quite difficult to design biomaterials with both adequate bulk 
and surface properties, a common approach is to modify the surface 
properties of a material having the desired bulk properties in order to 
achieve a better material-cell interphase. In tissue engineering, 
polymers represent an important class of biomaterials. An example is 
ultra-high molecular weight polyethylene (UHMWPE), which is a 
polymer with outstanding physical and mechanical properties useful 
both for industrial and biomedical applications. Most notable are its 
chemical inertness, impact resistance and wear resistance making it 
the most relevant polymeric material used in total hip, knee and 
shoulder prosthesis. 
The growing body of evidence proving the importance of modifying the 
surface of any biomaterial is significant, because it is the key towards 
a new era of regenerative medicine for accelerated healing or organ 
replacement. Surface modification of standard polymers is a 
recommended way of adapting an interface to biological demands. For 
this purpose, many options are available, such as applying coatings 
and surface grafting; which can be done by using various techniques 
such as plasma and chemical processes, among others. In chemical 




the intrinsic bulk properties of the materials and raise more ecological 
concerns whereas plasma treatments are dry processes and the 
modification is restricted to the top surface of the material, leaving 
the bulk unaltered. This makes plasma based processes more 
convenient than chemical processes for the incorporation of surface 
functional groups.  
 
Plasma is a quasi-neutral gas composed of energetic free radicals, 
ions, electrons, photons, and neutrals. The active species in the 
plasma can simultaneously interact with the polymer surface to alter 
its chemical and physical properties e.g. wettability. For heat 
sensitive materials such as polymers, surface modification is done 
using a non-thermal (or cold or low temperature) plasma in order to 
prevent substrate degradation. 
Plasma processes have been used in the past for the incorporation of 
various chemical functionalities like amino, hydroxyl, and carboxyl 
groups which are known to be effective in covalent coupling of 
proteins and signal molecules. Nitrogen containing functional groups 
are however particularly important in many biomedical applications. 
Alongside their polar nature, primary amine functional groups can 
promote covalent immobilization with cells and biomolecules. 
Moreover, in contrast to most other functional groups, amino (-NH2) 
groups can in aqueous solution at physiological pH values introduce a 
localized positive charge to the polymer. This attracts negatively 
charged biomolecules (DNA, hyaluronic acid, heparin, etc.) and cells.  
Other than not being optimal for cell adhesion and proliferation, 
UHMWPE also suffers from wear in the long-term. While UHMWPE 
articulating against a metallic component remains a good standard for 
joint replacements, an improved long-term stability is still needed 
since the average lifetime of artificial hip joints incorporating 
UHMWPE is only 15-20 years. The hydrophobic nature of UHMWPE 
limits the ability of synovial fluid constituents to interact with and 
lubricate the implant surface. Surface chemistry modification of 
UHMWPE in order to be better lubricated in the joint is therefore 
quite important in order to reduce its friction and help increase its 




This doctoral thesis is aimed at UHMWPE surface modification by 
incorporation of functional groups in order to make it more 
hydrophilic. This was mainly done by plasma processes (plasma 
activation, post-irradiation grafting and plasma polymerization) 
alongside UV polymerization. These are all surface treatments 
enabling the modification of surface properties without changing the 
bulk material properties. In this way, UHMWPE can be engineered 
with custom surface attributes that are decoupled from the bulk 
properties. The conducted study was more focused on plasma 
polymerization as a technique that could be used to deposit materials 
in a form of thin films with application potential in biomedicine.  
 
However, one major drawback of plasma polymerization is that 
reaction mechanisms are very complex and the process is influenced 
by the deposition parameters. Hence, the chemical and physical 
properties of the formed deposits are not very predictable. Since the 
properties of plasma polymers are determined by the process 
parameters, these have to be thoroughly controlled.  
 
Other important factors to consider with respect to possible bio-
applications of plasma films are the ageing and stability of these films 
since storage and subsequent exposure to a solvent environment are 
required. In general, plasma polymers are prone to changes as a 
function of time; the film properties at the time of use are often 
considered more important than the film characteristics immediately 
after deposition. Moreover, plasma polymers immersed in a solvent 
can be subject to several processes, such as delamination, extraction of 
small molecules, and reaction of functional groups with the solvent. 
Therefore, for the use of plasma polymers in biological applications, a 
better understanding of the different mechanisms occurring during 
storage and solvent immersion is required. Plasma polymerization 
being a very versatile process, optimizing deposition parameters can 
be useful to limit the changes induced in the plasma polymers by 
atmosphere and aqueous environment exposures. 
 
In the first part of this thesis, UHMWPE surface modification was 
done via plasma activation using different discharge atmospheres 




significantly enhanced materials hydrophilicity and cell-material 
interactions.  
 
For better surface chemistry control and in order to incorporate 
specific surface functionalities (i.e. NH2 groups), in the second part of 
this thesis, coatings were deposited onto UHMWPE surface using an 
amine containing monomer (allylamine “Aam”). This was done via 
plasma polymerization, post-irradiation grafting and UV 
polymerization. In this way, different coatings were deposited onto 
UHMWPE surface each having their own chemical and physical 
properties. Results showed that although all coatings were favorable 
towards improved cell-material interaction, plasma polymerization 
lead to the highest surface nitrogen content thus making the plasma 
deposited coatings more favorable towards promoting initial cell 
adhesion.  
 
As already mentioned, plasma polymerization is strongly process 
dependent and the key for achieving the reliability and desired 
durability is the effective deposition of the coating using optimal 
process parameters to prevent ageing and degradation mechanism. 
On that account, the third part of this thesis focused on plasma 
parameters effect (plasma treatment time, plasma power, monomer 
concentration and pressure) on the chemical and physical properties 
of plasma polymers as well as their effect on the changes induced 
upon storage in air and soaking in water. Results showed that 
chemical and physical properties of the coatings were controlled by 
the various plasma parameters and optimization of the desired amino 
functionality on the surface can be achieved by controlling operating 
parameters. Ageing and stability behaviors of plasma polymer 
coatings also vary with deposition conditions via differing cross-
linking densities. At low discharge power and high monomer 
concentration, the highest amino concentration was obtained.  
 
In the last part of this thesis a study on bipolar NH2/COOH coatings 
was conducted. Known for their good chemical reactivity, primary 
amines (-NH2) and carboxyl (-COOH) are widely used for the covalent 
immobilization of biomolecules. Moreover, in aqueous solution at 
physiological pH value, these groups can introduce localized 




for biomolecules. The bipolar coatings were created by the 
superposition of 2 layers of plasma polymers one containing NH2 
groups (allylamine plasma polymer “PPAam”) and the other COOH 
groups (acrylic acid plasma polymer “PPAac”). Layers thickness and 
deposition sequence were varied and their influence on the coatings’ 
properties, ageing behavior, stability and cell interactions were 
studied. Results showed that a minimal thickness of 60 nm Aac and 
80 nm Aam as second layer is required for optimal surface chemistry 
stability and that a deposition sequence of allylamine as first layer 
followed by acrylic acid as second layer (PPAam/Aac) lead to more 
stable bipolar coatings. As for cell test studies, results showed that 
cell affinity was higher for bipolar coatings as compared to pure 
allylamine and acrylic acid coatings with a higher cell affinity 
obtained for PPAam/Aac coatings. 
In conclusion, this thesis proves that plasma polymerization is an 
effective tool for polymer surface modification. Plasma incorporation 
of amino group as well as the combination of both amino/carboxyl 
groups is very promising for biomedical applications. This should 
create further opportunities to increase articulation implant 




















De steeds ouder wordende en vergrijzende gemeenschap leidt tot een 
stijgend gebruik van biomaterialen om verloren gegane functies te 
herstellen en een betere levenskwaliteit te garanderen; vandaar ook 
de nood aan nieuwe, innovatieve biomaterialen. De meerderheid van 
de courante biomaterialen worden onder de 2e generatie biomaterialen 
gecatalogeerd, aangezien deze geen bioactieve eigenschappen bevatten 
die gewenste cellulaire interacties stimuleren of sturen. Om deze 2e 
generatie biomaterialen te overtreffen, moeten nieuwe materialen 
ontwikkeld worden om de gewenste cellulaire reactie te activeren. Dit 
kan gedaan worden door oppervlakmodificatie van bestaande 
biomaterialen of door ontwikkeling van nieuwe, performante 
biomaterialen. Ondanks hun goede mechanische eigenschappen, is het 
probleem bij de meeste biomaterialen dat hun oppervlakken 
hydrofoob zijn in hun oorspronkelijke vorm. Deze eigenschap is niet 
optimaal voor celadhesie en –proliferatie en kan ervoor zorgen dat 
proteïnen niet hechten aan het oppervlak en dat gehechte proteïnen 
ontvouwen, waardoor deze hun functie verliezen. 
Aangezien het vrij ingewikkeld is om biomaterialen te ontwerpen met 
zowel adequate bulk eigenschappen als geschikte oppervlakte-
eigenschappen, wordt vaak oppervlakmodificatie gebruikt op 
materialen met de gewenste bulk eigenschappen om zo tot een betere 
materiaal-cel interfase te komen. In het domein van 
weefselreconstructie (tissue engineering) vormen polymeren een 
belangrijke groep van biomaterialen. Een voorbeeld hiervan is 
polyethyleen met een ultra-hoog moleculair gewicht (UHMWPE): dit 
is een polymeer met uitstekende fysische en mechanische 
eigenschappen die bruikbaar zijn in industriële en biomedische 
toepassingen. De meest opmerkelijke eigenschappen van dit polymeer 
zijn chemische inertie, schokweerstand en slijtageweerstand, 
waardoor het meest relevante polymeer is dat gebruikt wordt in heup-
, knie- en schouderimplantaten. 
Het groeiend bewijs van het belang van oppervlakmodificatie van 
biomaterialen toont aan dat het de sleutel is tot een nieuw tijdperk 
van regeneratieve geneeskunde voor versnelde genezing of 




een aanbevolen manier om een interface aan te passen aan de 
biologische eisen. Hiervoor zijn verscheidene opties beschikbaar, zoals 
onder andere plasma en chemische processen. Tijdens chemische 
processen kan het gebruik van bijkomende chemicaliën, zoals 
solventen, de intrinsieke bulkeigenschappen van het materiaal 
aantasten en een schadelijke ecologische impact veroorzaken. Plasma-
behandelingen zijn daarentegen droge processen waarbij de 
modificatie beperkt blijft tot het bovenvlak van het materiaal en de 
bulk onveranderd blijft. Dit zorgt ervoor dat plasma-gebaseerde 
processen geschikter zijn dan chemische processen voor het 
incorporeren van functionele groepen op het oppervlak. 
Plasma is een quasi-neutraal gas dat is samengesteld uit energetische 
vrije radicalen, ionen, elektronen, fotonen en neutralen. De actieve 
deeltjes in het plasma kunnen gelijktijdig interageren met het 
polymeer oppervlak om de chemische en fysische eigenschappen zoals 
hydrofiliciteit aan te passen. Voor hitte-gevoelige materialen zoals 
polymeren gebeurt de oppervlakmodificatie aan de hand van een niet-
thermisch (of koud of lage temperatuur) plasma om degradatie van 
het substraat te voorkomen. 
Plasmaprocessen werden reeds gebruikt voor het incorporeren van 
verscheidene chemische functionaliteiten zoals amino-, hydroxyl- en 
carboxylgroepen, waarvan geweten is dat zij doeltreffend zijn in het 
covalent binden van proteïnen en signaalmoleculen. Vooral 
stikstofbevattende functionele groepen zijn belangrijk in vele 
biomedische toepassingen. Naast hun polair karakter, kunnen 
primaire aminegroepen de covalente immobilisatie met cellen en 
biomoleculen bevorderen. Bovendien kunnen aminogroepen (-NH2) in 
een waterige oplossing bij fysiologische pH-waarden, in tegenstelling 
tot andere functionele groepen, een lokale positieve lading op het 
polymeer introduceren. Dit trekt dan negatieve geladen biomoleculen 
(DNA, hyaluronan, heparine, enz.) en cellen aan. 
Naast suboptimale celadhesie en –proliferatie, lijdt UHMWPE ook 
aan slijtage op lange termijn. Ondanks het feit dat UHMWPE 
scharnierend met een metalen component een goede standaard blijft 
voor kunstgewrichten, is een verbeterde stabiliteit op lange termijn 




kunstheupen met UHMWPE slechts 15-20 jaar is. De hydrofobe aard 
van UHMWPE begrenst het vermogen van de componenten in de 
synoviale vloeistof om te interageren met het oppervlak van het 
implantaat en het te bevochtigen. Modificatie van de chemie van het 
oppervlak van UHMWPE is daarom van uiterst belang om betere 
bevochtiging in het gewricht te bekomen en zo de wrijving te beperken 
en de levensduur te verlengen. 
Deze doctoraatsthesis is gericht op oppervlakmodificatie van 
UHMWPE door het incorporeren van functionele groepen om het 
materiaal zo hydrofieler te maken. Dit werd voornamelijk uitgevoerd 
aan de hand van plasmaprocessen (plasma-activatie, grafting na 
bestraling en plasmapolymerisatie), naast UV-polymerisatie. Dit zijn 
allen oppervlakbehandelingen die het mogelijk maken om de 
oppervlakte-eigenschappen te modificeren zonder de 
materiaaleigenschappen van de bulk aan te passen. Op deze manier 
kan UHMWPE gemanipuleerd worden zodat het aangepaste 
oppervlakte-eigenschappen heeft die verschillend zijn van de 
bulkeigenschappen. Tijdens het uitgevoerde onderzoek werd vooral 
gefocust op plasmapolymerisatie als techniek, die gebruikt kan 
worden om materialen af te zetten in de vorm van een dunne film, 
met potentieel in biomedische toepassingen. 
Eén van de grootste nadelen van plasmapolymerisatie is dat de 
reactiemechanismen zeer complex zijn en dat het proces beïnvloed 
wordt door de depositieparameters. Vandaar dat de chemische en 
fysische eigenschappen van de gevormde afzetting niet zo 
voorspelbaar zijn. Aangezien de eigenschappen van de 
plasmapolymeren bepaald worden door de procesparameters, moeten 
deze uitvoerig gecontroleerd worden. 
Andere belangrijke factoren in verband met mogelijke bio-
toepassingen van plasmafilms zijn het verouderen (ageing) en de 
stabiliteit van deze films aangezien opslag en daaropvolgende 
blootstelling aan een solventomgeving nodig zijn. In het algemeen zijn 
plasmapolymeren vatbaar voor veranderingen onder invloed van tijd; 
de filmeigenschappen op het moment van gebruik worden vaak als 
belangrijker beschouwd dan de filmeigenschappen onmiddellijk na 




worden in water, onderhevig zijn aan verschillende processen zoal 
delaminatie, extractie van kleine moleculen en reactie van functionele 
groepen met het solvent. Daarom is voor het gebruik van 
plasmapolymeren in biologische toepassingen een beter begrip nodig 
van de verschillende mechanismen die optreden gedurende opslag en 
solventimmersie. Plasmapolymerisatie is een heel veelzijdig proces, 
dus kan het optimaliseren van de depositieparameters nuttig zijn om 
de geïnduceerde veranderingen in de plasmapolymeren door 
blootstelling aan de atmosfeer en aan een waterige omgeving te 
beperken. 
In het eerste deel van deze thesis werd de oppervlakmodificatie van 
UHMWPE uitgevoerd via plasma-activatie met ontladingen in 
verschillende atmosferen (helium, stikstof, argon en lucht). De 
resultaten tonen aan dat alle behandelingen de hydrofiliciteit en de 
cel-materiaal interacties significant versterkten. 
Om een betere controle over de chemie van het oppervlak te bekomen 
en om specifieke functionaliteiten (in dit geval NH2-groepen) in het 
oppervlak te incorporeren, werden in het tweede deel van deze thesis 
coatings op het UHMWPE-oppervlak afgezet met behulp van een 
amine-bevattend monomeer (allylamine “Aam”). Dit werd uitgevoerd 
via plasmapolymerisatie, grafting na bestraling en UV-polymerisatie. 
Op deze manier werden verschillende coatings afgezet op het 
UHMWPE-oppervlak met elk hun eigen chemische en fysische 
eigenschappen. De resultaten tonen aan dat, hoewel alle coatings 
gunstig waren voor een verbeterde cel-materiaalinteractie, 
plasmapolymerisatie leidt tot de hoogste stikstofconcentratie op het 
oppervlak met als gevolg dat de plasmacoatings gunstiger waren om 
de initiële celadhesie te bevorderen. 
Zoals reeds vermeld is plasmapolymerisatie sterk afhankelijk van het 
proces en de sleutel tot het bereiken van betrouwbaarheid en de 
gewenste duurzaamheid ligt in het vinden van de optimale 
procesparameters om zo ageing en degradatie tegen te gaan. Daarom 
lag de focus van het derde deel van deze thesis op het effect van 
verschillende plasmaparameters (behandeltijd, vermogen, 
monomeerconcentratie en druk) op de chemische en fysische 




geïnduceerde veranderingen tijdens opslag in lucht en tijdens 
onderdompelen in water. De resultaten toonden aan dat de chemische 
en fysische eigenschappen van de coatings bepaald werden door de 
verschillende plasmaparameters en dat de optimalisatie van de 
gewenste aminofunctionaliteiten op het oppervlak bereikt kan worden 
door de parameterkeuze. De ageing en stabiliteit van de 
plasmapolymeercoatings variëren ook afhankelijk van de 
depositiecondities via uiteenlopende crosslinking-densiteiten. Lage 
ontladingsvermogens en hoge monomeerconcentraties leidden tot de 
hoogste amino-concentraties. 
In het laatste deel van deze thesis werd onderzoek gevoerd naar 
bipolaire NH2/COOH-coatings. Primaire amines (-NH2) en 
carboxylgroepen (-COOH) zijn gekend voor hun goede chemische 
reactiviteit en worden wijdverspreid gebruikt voor de covalente 
immobilisatie van biomoleculen. Bovendien kunnen deze groepen, in 
waterige oplossingen bij fysiologische pH waarden, lokale 
positieve/negatieve ladingen op het oppervlak introduceren die dienst 
kunnen doen als ankerplaatsen voor biomoleculen. De bipolaire 
coatings werden gecreëerd door de superpositie van 2 
plasmapolymeerlagen: de ene laag bevat NH2-groepen (allylamine-
plasmapolymeer “PPAam”) en de andere COOH-groepen (acrylzuur-
plasmapolymeer “PPAac”). De laagdikte en de volgorde van depositie 
werd gevarieerd om de respectievelijke invloed op de eigenschappen 
van de coating, het ageingsgedrag, de stabiliteit en de celinteracties te 
bestuderen. De resultaten tonen aan dat een minimale dikte van 60 
nm Aac en 80 nm Aam als tweede laag nodig is om tot een optimale 
stabiliteit van de chemie op het oppervlak te komen en dat de 
depositie van allylamine als eerste laag, gevolgd door acrylzuur als 
tweede laag, leidt tot stabielere bipolaire coatings. Op het vlak van 
celstudies tonen de resultaten dat de affiniteit van de cellen hoger is 
voor bipolaire coatings in vergelijking met zuivere allylamine- of 
acrylzuurcoatings. De hoogste celaffiniteit werd behaald voor 
PPAam/Aac-coatings. 
Als besluit kan gesteld worden dat deze thesis bewijst dat 
plasmapolymerisatie een effectief hulpmiddel is voor de modificatie 
van een polymeeroppervlak. De incorporatie van aminogroepen met 




/carboxylgroepen, veelbelovend voor biomedische toepassingen. Dit 
zou tot verdere opportuniteiten moeten leiden om de levensduur van 
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1.1. Plasma technology  
1.1.1. Plasma: a brief introduction and historical 
background  
In order to introduce plasma it is often stated that plasma is the 
fourth state of matter in the sequence: solid, liquid, gas, and plasma. 
The state of matter changes from solid to liquid to gas to plasma by 
increasing the temperature of the material under consideration (see 
figure 1.1).  
This so-called state of ionized gas was first described by Crookes in 
1879 as ‘a world where matter may exist in a fourth state’. Fifty years 
later, first in 1928, this fourth state of matter was finally given a 
name of its own by Irving Langmuir, when he introduced the term 
‘plasma’ in his studies of electrified gases in vacuum tubes [1]. 
Plasmas can be natural or man-made, so certainly without even 
realizing, every person reading this work has had his or her own 
encounter with one or another form of plasma. Lightning, polar light 
and the stars for instance, are all considered plasma. In the 
laboratory, plasma can be generated by combustion, flames, lasers, 
controlled nuclear reactions and shocks, but most experimental work, 
especially in the field of plasma polymerization, is carried out using 
an electrical discharge.  
 
In general, when gas atoms are subjected to energy (thermal, 
electrical or light) they become ions by releasing some of their 
electrons. Collisions between electrons and molecules and bond breaks 
in molecules create radicals. Energy will also create excited species 
that will generate photons. This is how plasma is created with a 
unique mixture of electrons, ions, radicals, photons and neutral atoms 






Figure 1.1. States of matter [4] 
 
Based on the relative temperatures of electrons, ions and neutrals, 
plasmas are classified as thermal “equilibrium” and non-thermal 
“non-equilibrium”. Due to the light mass of the electrons present in 
the plasma, these electrons are instantly accelerated by the electric 
field to higher velocities than the heavier ions in the time available 
between collisions. When the collision occurs, only a small fraction of 
the electron energy is lost. This is why the electron temperature in the 
plasma is initially higher than that of heavy particles. The resulting 
plasma is a non-thermal or cold plasma in which the electron 
temperature (≈ 10000 °C) is much higher than the gas temperature (< 
200 °C). However, if the pressure is so high that the charged particles 
do not move very far before the next collision, the energy of the 
electrons may tend towards that of the heavy particles. In this case, 
the resulting plasma is a thermal or hot plasma. 
Plasmas used in “plasma technology” are usually cold plasmas in the 
sense that only a small fraction of the gas molecules is ionized which 
can provide electrons and ions at the right energy without excessive 
heat enabling the use of plasma on heat-sensitive materials such as 
polymers [5, 6]. The most commonly used method for generating and 
sustaining a low-temperature plasma for technological and technical 
applications is applying an electric field to a pure or mixed gas.  
Different plasma sources are available and their dimensions are 
determined largely by the particular application for which the plasma 
is intended. There are distinct differences not only in the physical 
shape of various plasma sources, but also in the temporal behavior of 





1.1.2. Plasma sources 
As already mentioned, various plasma sources are available. Each of 
them has its own characteristics such as density, temperature, 
chemical composition, etc., and leads to different results. The choice of 
the proper source for the specific task requires the study of the 
characteristics of the various plasmas. In this section, a brief 
summary of the most common plasma sources used in tissue 
engineering will be given.  
Microwave (MW) plasma 
MW discharges are electrical discharges generated by electromagnetic 
waves with frequencies between 300 MHz and 10 GHz. MW 
discharges represent a simple way of plasma generation both with 
high (> 100 W/cm3) and low (< 1 W/cm3) power levels and can be used 
over a wide region of operating pressures (from 10-3 Pa up to 
atmospheric pressure). Nowadays, these discharges are widely used 
for generation of quasi-equilibrium and non-equilibrium plasmas for 
different applications. This is due to the simplicity of control of the 
plasma internal structure by means of changes of the plasma 
characteristics and the possibility of plasma generation both in small 
and large chambers. The plasma absorbed power can be high enough 
and runs up to 90% of the incident power [7, 8]. 
Radiofrequency (RF) plasma 
 
RF discharges usually operate in the frequency range f = 1–100 MHz. 
The power coupling in RF discharges can be accomplished in different 
ways: capacitively coupled discharges and inductively coupled 
discharges. 
 
 Capacitively coupled plasma (CCP) 
A CCP is generated with a high-frequency RF electric field, typically 
13.56 MHz. In its simplest form, the RF voltage is applied across two 
parallel metal plates, generating an oscillating electric field between 
them. This field accelerates electrons leading to an ionization 
avalanche. The parallel electrodes which are separated by a distance 
of a few centimeters may be in contact with the discharge or insulated 




Pa. In a capacitively coupled RF discharge, the electron density is in 
the range ne = 109 - 1010 cm-3 and densities up to 1011 cm-3 are possible 
at higher frequencies. 
 
 Inductively coupled plasma (ICP) 
An ICP is similar to CCP but the electrode consists of a coil wrapped 
around the discharge volume that inductively excites the plasma. An 
ICP is excited by an electric field generated by a transformer from an 
RF current in a conductor. The changing magnetic field of this 
conductor induces an electric field in which the plasma electrons are 
accelerated. ICPs can achieve high electron densities (ne = 1012 cm-3) 
at low ion energies [8, 9]. 
 
Dielectric barrier discharge (DBD) 
Dielectric barrier discharges (silent discharges) are non-equilibrium 
discharges that can be conveniently operated over a wide temperature 
and pressure range. DBDs are characterized by the presence of one or 
more insulating layers in the current path between metal electrodes 
in addition to the discharge space. At a sufficient alternating current 
(AC) voltage, electrical breakdown occurs in many independent thin 
current filaments. These short-lived microdischarges have properties 
of transient high pressure glow discharges with electron energies 
ideally suited for exciting or dissociating background gas atoms and 
molecules.  
Due to charge build up on the dielectric, the field at the location of a 
microdischarge is reduced within a few nanoseconds after breakdown 
thus terminating the current flow at this location. The current density 
in a microdischarge channel can reach 100 to 1000 Acm-2. Due to the 
short duration, this normally results in very little transient gas 
heating in the remaining channel. The dielectric barrier limits the 
amount of charge and energy deposited in a microdischarge and 
distributes the microdischarges over the entire electrode surface. As 
long as the external voltage is rising, additional microdischarges will 
occur at new positions because the presence of residual charges on the 
dielectric has reduced the electric fields at positions where 




however, the next microdischarges will form in the previous 
microdischarge locations. 
Its flexibility with respect to geometrical configuration, operating 
medium and operating parameters is unprecedented. Conditions 
optimized in laboratory experiments can easily be scaled up to large 
industrial installations. 
Although DBD configurations can be operated between line frequency 
and microwave frequencies the typical operating range for most 
technical DBD applications lies between 500 Hz and 500 kHz [10]. 
Plasma can be used in the continuous wave (CW) or pulsed mode. In 
the continuous wave mode, plasma with a specific power is turned on 
for a specific amount of time. In the pulsed mode, plasma is 
intermittently generated with a fixed duty cycle (Δ).  
Δ = ton / (ton + toff) (1.1) 
where ton is the time during which the plasma is turned on and toff is 
the time during which the plasma is turned off. The mean power 
(Pmean) is then defined by equation (1.2) and represents the average 
energy dissipated in the plasma period, with Ppeak the power injected 
during ton [11]. 
Pmean = Δ * Ppeak     (1.2)     
In this thesis, a DBD was used for the conducted experiments. A 
description of the used DBD set-up can be found in section 6.2.  
 
1.2. Tissue engineering (TE) 
The concept of human tissue engineering was originally expressed by 
Dr. Fung in 1987 at the National Science Foundation (NSF) 
workshop. The term “tissue engineering” was later described as the 
application of life sciences and engineering to understand the 
relationships between the structure and the function of tissues as well 
as the development of substitutes for the restoration, maintenance 
and improvement of tissue functions [12]. 
But it was until 1993 that one of the classical definitions of tissue 
engineering was postulated by Langer and Vacanti as:  “an 




the life sciences toward the development of biological substitutes that 
restore, maintain, or improve the tissue function [13].” Many other, 
more or less similar definitions of tissue engineering can be found in 
literature. Being a relatively new field, tissue engineering, is not 
always clearly defined, and may span from decellularised 
extracellular matrices, to exclusively cellular implants or non-
biodegradable biomaterial scaffolds. 
In recent years, biomedical applications of synthetic polymers have 
increased dramatically [14, 15]. Polymers are now used in cell-culture 
plates, vascular prostheses, heart valves, joint prostheses, contact 
lenses, and drug delivery systems, to name only a few examples. 
In the last decades, joint prosthesis has gained a lot of attention by 
scientists. The collective effort of biologists, engineers, chemists, 
material scientists and clinicians has led to phenomenal advances in 
the development of these prostheses.  
Joint prosthesis 
A joint, i.e. an articulation, is a place where two bones come together. 
All articulation structures, e.g. knee, are freely movable synovial 
joints that contain lubricating fluid (Figure 1.2). The bone ends 
“condyles” are covered with a layer of elastic hyaline cartilage 
providing smooth sliding surfaces. Cartilage has a very limited 
capacity for self-restoration, e.g. in osteoarthritis, will result in a 
roughed joint surface that causes pain and stiffness. A synovial 
membrane, i.e. synovium, lines the joint cavity and produces synovial 






Figure 1.2. Structure of a synovial joint [17]. 
 
The need to perform artificial joint-implant surgery (arthroplasty) is 
driven by pain and disability, resulting from conditions such as 
osteoarthritis, rheumatoid arthritis, trauma and bone tumors. 
Nowadays, arthroplasty is a very effective procedure in improving 
locomotion and decreasing pain. However, the average lifetime of joint 
implants is not yet satisfactory since the lubricating performance of 
artificial joints is significantly poorer than that of natural joints.  
This can be very problematic, especially for young patients, whose life 
is characterized by more intense physical activity in comparison to 
older patients. In time, those are more likely to require revision 
surgery, this being a more complicated procedure with outcomes that 
are often not as successful as that of the original joint replacement. 
Over the years, there have been phenomenal improvements in 
arthroplasty and in the development of different implant 
combinations. Polymer-bearing implants were first introduced by Sir 
John Charnley in the 1950s [18, 19]. He developed implants using 
polytetrafluoroethylene (PTFE) acetabular cups and small diameter 
stainless steel femoral heads. PTFE was chosen for its excellent low 
friction properties. Unfortunately, such implants had a short lifetime 
because of the poor wear resistance of PTFE and, therefore, a more 
wear-resistant polymer, ultra-high molecular weight polyethylene 




combination still dominates the arthroplasty market today with an 
average lifetime of 15 to 20 years [20]. Apart from stainless steel, 
other metals such as CoCrMo alloys and titanium have been used in 
polymer-bearing implants. CoCrMo is currently preferred because of 
its higher wear and corrosion resistance [21]. 
In the 1970s, ceramics combined with UHMWPE were also considered 
[21]. As far as wear, clinical experience has revealed that ceramic 
femoral heads are better than metal femoral heads. Trials showed 
that the wear of polyethylene acetabular cups against ceramic femoral 
heads was 0.5 times lower than that of the cup against metallic 
femoral heads [22, 23].  
Despite the great achievements in arthroplasty that have been made 
in the past years, the average lifetime of hip implants is still not 
optimal and many causes can be responsible for failure. In the short 
term, surgical-procedure mistakes, failure of fixation, and infections 
can compromise the success of surgery, while in the long term, 
damage and degradation of the biomedical material structures lead to 
failure. In the case of polymer-bearing prostheses, failure from 
mechanical loosening and fracture of the components can occur, 
however, the most common cause of failure is aseptic loosening due to 
osteolysis either in the acetabulum or in the femoral shaft [24, 25]. 
Osteolysis is triggered by the production of UHMWPE wear-debris 
particles, which are the right size (approximately 0.5 μm), to cause 
activation of macrophages as a consequence of phagocytosis [26]. This 
leads to the production of cytokines followed by the activation of 
osteoclasts and subsequent periprosthetic bone loss. The bone loss, 
combined with cyclic loading, eventually leads to aseptic loosening 
and failure of the implant [27]. In order to improve the performance of 
such implants and to increase their lifetime, it is necessary to improve 
the lubrication in these systems, i.e. to reduce friction and wear 
between the bearing surfaces. Many studies have been carried out for 
this purpose, such as the evaluation of different bearing 
configurations, optimization of implant shapes and dimensions, 
analysis of surface finish, and composition of the femoral heads [21, 
28-30].  
The interaction of synovial fluid with the bearing surfaces of hip 
implants is however of great importance in the investigation of 




Under physiological conditions, natural joints are lubricated by 
synovial fluid, an aqueous electrolyte solution produced by the 
synovial membrane and cartilage. Following implant surgery, the 
synovial membrane eventually reforms, producing a liquid similar to 
synovial fluid known as pseudo synovial fluid that lubricates the 
newly implanted device. 
Nowadays, one of the most commonly used material combinations in 
arthroplasty is UHMWPE vs metal. Despite its good mechanical and 
tribological properties, as already mentioned, problems related to the 
production of UHMWPE wear debris eventually lead to failure of the 
prosthesis.  
Although there is no simple relationship between wear and friction, a 
low friction can generally be expected to enhance the performance of 
an artificial joint and is, therefore, an important parameter to 
consider [31, 32]. 
UHMWPE surface is hydrophobic, thus limiting the ability of synovial 
fluid to lubricate the joint which leads to friction/wear. UHMWPE 
lifetime is therefore limited and improvements are needed. This can 























The use of biomaterials in modern medicine is continuously 
increasing, as is the need for new, innovative materials. In most cases, 
it is impossible to find a single material that meets all demands such 
as good mechanical properties and good promotion of cell adhesion 
and proliferation. A common strategy to overcome this problem is to 
modify the surface of a material having the required bulk properties. 
This is especially true for polymers which are used in several 
biomedical applications due to their good physical properties and 
chemical stability in contact with physiological environments. 
However, surfaces of synthetic polymers are not optimal for cell 
adhesion and proliferation and therefore, in order to control their 
interactions with biological systems, one need to suitably modify their 
surface-chemical structures. Plasma activation, post-irradiation 
grafting, plasma and UV polymerizations are widely used techniques 
for biomaterial surface modification. These techniques allow the 
functionalization of the material enabling it to perform specific 
functions and improve its performances. In other words, this produces 
highly performant biomaterials with superior properties which are 
used in various biomedical applications. In surface engineering, 
several functionalities have been incorporated on a variety of 
materials using different methods in order to increase their 
biocompatibility. An important class of functional surfaces is nitrogen 
(N-)rich ones and more particularly amino (NH2-) rich ones which 
have been found to promote cell-material interactions.  
Within the definition of tissue engineering lays the need of an 
interdisciplinary approach and therewith, this thesis focuses on 
various aspects involved in polymer surface properties and the 
interaction of polymer with cells. 
This thesis aims to choose the best approach for UHMWPE surface 
modification in order to make this polymer more hydrophilic. 
Nonetheless, this thesis cannot address all sub‐categories within the 
large surface modification structure, hence; a selection of topics is 
evaluated and certain topics are studied in more detail. 
Our concept is based on functionalizing the polymer’s surface. This 
was mainly done via plasma processes although UV polymerization 




gases was investigated. Afterwards, we proceeded to the application of 
coatings focusing on amine functionalization by using an amine 
containing monomer: allylamine (C3H7N). UV polymerization, plasma 
polymerization and post-irradiation grafting were used in order to 
deposit the coating. Eventually, the work focused on the more 
promising technique of plasma polymerization and a study was 
carried out on the effect of plasma process parameters on the surface 
properties, ageing and stability behaviors. Finally, an investigation on 
bipolar layers using allylamine and acrylic acid as plasma monomers 
and their effect on the surface properties and cell behavior was 
carried out.  
This PhD thesis is conceived in the following way. Chapter 3 gives an 
overview of the most commonly used techniques for polymer surface 
modification focusing on amine surface modification. This chapter also 
serves as a general introduction to plasma activation, plasma 
polymerization, post-irradiation grafting and UV polymerization, and 
covers the differences between the characteristics of the polymers 
obtained using these techniques. 
In Chapter 4 a literature overview on the effects of plasma process 
parameters on amine plasma polymers properties is presented. In this 
chapter discharge power, deposition time, monomer flow rate and 
precursor type effects are addressed.  
The response of the biological environment is mostly governed by the 
surface properties of the biomaterial. Chapter 5 describes the 
influence of various amine plasma treatments on cell-material 
interactions.  
In Chapter 6 the materials, synthesis methods (plasma and UV 
treatments), and sterilization processes used in this thesis are 
presented. This includes a detailed description of the used 
experimental procedure and reactor. The performed ageing, stability 
and cell tests are also described. 
In Chapter 7 a summary of the most commonly used plasma polymer 
surface characterization techniques is given. The equipment and 




The work performed during this thesis is presented in the upcoming 
chapters. 
In Chapter 8 a study on plasma activation of UHMWPE in different 
discharge atmospheres (helium, nitrogen, argon and air) is carried 
out. Plasma treatments effects on the samples’ surface chemical and 
physical characteristics are investigated. The influence of post plasma 
sterilization (ethanol rinsing/ UV exposure) and cell interactions with 
the treated and untreated surfaces are also studied.  
In Chapter 9 a study on the incorporation of amine groups onto 
UHMWPE surface via plasma, post-irradiation grafting and UV 
polymerization using various process parameters is carried out. In 
this study, the effect of the various processes and process parameters 
on the properties of the deposited coatings is evaluated. Stability, 
ageing and cell tests are also investigated. 
In Chapter 10 the study focuses on amine incorporation onto 
UHMWPE surface via plasma polymerization. This is done while 
varying plasma process parameters (treatment time, discharge power, 
monomer concentration, and pressure). Treatment parameters effects 
on the coatings properties as well as on their stability and ageing 
behaviors are investigated.   
In Chapter 11 a study on bipolar films containing nano-layers of 
functionalized amine and carboxylic acid plasma polymers deposited 
onto UHMWPE surfaces is presented. Properties, ageing and stability 
behaviors as well as cell interaction of these films are investigated.   
Even though this thesis cannot address each topic involved within the 
wide-ranging surface modification framework and does not involve 
modified UHMWPE TE application studies, it aims at providing 
distinct strategies and a better understanding of polymer 
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A shortage of organs and tissues for transplantation has been present 
throughout most of the history of transplantation. Over the past few 
decades, the increasing incidence of vital organ failure and the severe 
shortage of donors have created a wide gap between organ supply and 
organ demand, which resulted in very long waiting times to receive an 
organ as well as an increasing number of deaths while waiting. 
Moreover, all manners of projections indicate that this gap will 
continue to widen making this a main challenge to modern medicine 
[33, 34].  
Over the years and in order to overcome many challenges in the area 
of healthcare, technological advancements rapidly evolved and became 
a crucial part of modern medicine by helping ensure a better lifestyle 
and an increased life expectancy. Hence, the field of TE emerged in 
response to that growing need for tissues and organs for 
transplantation and has rapidly become one of the most exciting 
advances in regenerative medicine. As already mentioned, TE is a 
multidisciplinary field combining principles of biology, medicine and 
engineering that aim at generating completely biocompatible fully 
functional organs or tissues that could be used to replace damaged or 
missing tissues in reconstructive surgery [35, 36]. The numerous and 
complex problems arising when replacing tissues set very high and 
diverse requirements on the used materials: biodegradability, 
enabling cell attachment and proliferation and mechanical strength 
are some of the possible demands.  
It is very difficult to find an adequate material and more particularly 
an adequate polymer that meets all requirements to properly function 
in a bio-environment. A way is to select a material having the 
required bulk properties such as mechanical strength and sometimes 
biodegradability and modify its surface properties via a surface 
treatment. For that, intensive research efforts have been made in 
recent years to develop surface treatment methods that alter and 
improve the physico-chemical properties of polymer surfaces. The 
purpose of these surface treatments can be to improve adhesion, 
increase hydrophilicity/hydrophobicity, introduce special functional 




In industry, large objects are often subjected to wet chemical 
treatments. Chemical etchants like chromic or sulfuric acid can be 
used to turn smooth hydrophobic surfaces into rough hydrophilic 
surfaces by dissolution of amorphous regions and surface oxidation 
[37]. For polymer surface etching, ion-beam modification has been 
used to texturize polymer surfaces and as a consequence increase 
adhesion [38]. Ions bombardment of polymer surfaces can lead to 
reduction, oxidation, cross-linking, ion implantation, loss of 
heteroatoms and loss of aromaticy, depending on the polymer, ion, ion 
beam energy and exposure time. Finally, photon irradiation should be 
mentioned, which includes modification by ultraviolet (UV) and 
infrared (IR) lasers to treat very small and localized areas. 
 
For biomedical applications, most used biomaterials are hydrophobic 
in their native state. This surface property can prevent proteins from 
attaching and make attached proteins unfold which would render 
them functionally defective (protein folding is the physical process by 
which a protein assumes its characteristic and functional three-
dimensional structure).  
Biomaterials’ surfaces can be modified by incorporation of various 
functional groups [39-41]. Currently, there are many methods to 
modify the surface properties of polymers and most of these methods 
are trying to mimic the ECM environment by immobilizing proteins 
such as fibronectin [42], vitronectin [43], intergrin [44] and laminin 
[45]. 
Methods such as wet chemical techniques [46-49] require numerous 
lengthy steps which can take a few days and involve many different 
chemical components. Most wet chemical techniques require the use 
of concentrated sodium hydroxide or sulfuric acid with hydrogen 
peroxide to etch the polymer surface whilst creating a layer of polar 
groups such as hydroxyl (–OH) and carboxylic (–COOH) groups in 
order to make the surface hydrophilic. This layer can also be used to 
covalently bond amino-silane molecules via carboxylic bonds for a 
primary amine functionalized surface [48, 50-52]. Although this amine 
functionalization method is simple, it can significantly change the 
bulk properties of the material and it is difficult to replicate using 
different polymer substrates because the change varies depending on 
the used polymer. This process can be simplified into a two-step 




COOH groups and subsequent exposure to an amino-silane solution or 
vapour [53, 54], removing the need for highly corrosive reagents while 
minimizing alterations to the bulk properties. This two-step process 
could further be reduced to a one-step process with no alterations to 
the material’s bulk properties via plasma treatment by using a certain 
combination of gases [55-57] or monomers [11, 58-65].  
Plasma surface modification can thus be used to adapt the surface 
properties by functionalization of the material surface in order to 
control the biological response [66, 67]. Different functionalities have 
been investigated, such as carboxyl [68, 69], hydroxyl [70, 71] and 
primary amine [72, 73] (see figure 3.1). In the following, we will focus 
on plasma surface modification of biomaterials by means of primary 
amine group incorporation.  
 
Figure 3.1. Primary amine, hydroxyl and carboxyl functionalities 
 
Primary amine (-NH2) functional groups can promote covalent 
immobilization with biomolecules such as protein like antibodies, 
collagen and DNA [74, 75]. Moreover, protonated amines can 
introduce a localized positive charge in aqueous solution at 
physiological pH value, which can potentially be used for electrostatic 
interactions with negatively charged cells and proteins and is 
propitious to promote cell adhesion and proliferation [14, 76]. 
There are basically two plasma assisted processes used for the 
introduction of amino groups onto a surface. In the first process, a 
surface is exposed to the plasma of a non-polymerizable gas such as 
ammonia (NH3) or nitrogen (N2) leading to the alteration of chemical 
and physical properties of polymer surfaces via surface etching which 




affecting their bulk properties. The second approach is the plasma 
assisted deposition of an organic amine containing monomer. This 
technique enables the fabrication of thin, adhesive, pin-hole free 
functionalized films on a large range of substrates [77]. Plasma 
polymerization of amine-based monomers is an efficient way to 
prepare bioactive amino functionalized polymer surfaces. Amine-
functionalized surfaces have previously been obtained through plasma 
polymerization using different monomers such as allylamine [74, 78, 
79], ethylenediamine [80-83], n-heptylamine [84-86], propylamine [87, 
88], cyclopropylamine [11, 89, 90], diaminocyclohexane [91-93], and 
butylamine [77].  
In the biomedical field, the most common used plasma media are 
ammonia as non-polymer forming precursor and allylamine as 
polymer forming precursor. 
One should note that, initially, the scientific community was focusing 
on low-pressure systems as they display excellent plasma stability 
and treated samples showed good results in term of improved cellular 
adhesion, growth and proliferation. Nowadays, an interest in 
atmospheric pressure systems is progressively growing due to several 
advantages such as cost efficiency since no vacuum equipment is 
required and reduced process time. However, currently, the majority 
of studies involving plasma surface modification of polymers are still 
limited to low-pressure systems. 
 
Another well suited coating technique for amine incorporation is UV 
polymerization using an appropriate amine monomer and 
photoinitiator [94, 95].  
 









3.1. Surface modification techniques 
3.1.1. Plasma activation 
In this plasma modification, the bulk properties of the original 
polymer are retained while chemically changing only the top 20 Å of 
the surface. Polymer modification is done by introducing the 
modifying gas into the reactor containing the surface to be modified. 
Using energy, this gas is ionized to form a mixture of highly reactive 
chemical species that include free radicals, electrons, ions and 
metastable reactive species. These species can break the chemical 
bonds on the surface of polymeric materials and substitute them by 
other desired chemical groups. In this way, depending on the choice of 
the working gas, different functional groups such as carbonyl, 
carboxylic acid, hydroxyl, and amine functional groups can be added 
on the surface [96-98].  
These polar groups were found to increase the polymer surface 
wettability which promotes focal adhesion formation, cellular 
spreading and growth [99]. Moreover the nature of the grafted groups 
can have an influence on different cellular behaviors. For example, 
surface carboxyl and hydroxyl groups were found to improve cellular 
attachment [100]. Whereas, amino groups were found to be more 
effective than oxygen containing groups in enhancing cellular growth 
[101, 102].  
 
However, it is worth mentioning that the plasma activation effect is 
not permanent over time, a partial hydrophobic recovery normally 
occurs by the reorientation of the incorporated groups towards the 
material bulk and by post-plasma reactions between the modified 
surfaces and the atmosphere [103, 104]. This lead to the application of 
coatings as a more stable surface modification technique.  
In this thesis the main coating method was via plasma 
polymerization; UV and post-irradiation grafting were also used to 
compare their effect with that of plasma. 
3.1.2. Post-irradiation grafting 
The chemical and physical properties of polymers are frequently 
modified by surface grafting methods. This is often performed using a 




or subjected to an ozone treatment to introduce peroxide groups at the 
surface. He and Ar plasma can also be used since they mainly 
introduce radicals on the surface, those can subsequently be subjected 
to the atmosphere or O2, leading to peroxides and hydroperoxides 
formation. In a second step, those formed functionalities can be used 
to initiate a polymerization reaction through contact with the 
monomer. Since every peroxide group is a potential initiating site, the 
number of (hydro)peroxides present at the surface will have a great 
effect on the surface grafting density. 
In literature, post-irradiation grafting is often referred to as “plasma 
induced graft (co)polymerization”. It leads to covalent bonding of 
selective functionalities onto the surface. 
3.1.3. Plasma polymerization (PP) 
Plasma polymerization can be defined as “the formation of polymeric 
materials under the influence of plasma” [105]. Solid deposits from 
organic compounds formed in a plasma discharge, were already 
described as early as in 1874 [106, 107]. However, at that time very 
little was known about polymers, and these deposits were considered 
to be undesirable by-products resulting from phenomena associated 
with the electrical discharge. It wasn’t until the 1960’s [108-110], that 
systematic investigations of plasma polymerization started, which 
was followed by a rapid advancement of polymer science [105]. But it 
was only over the past two decades, that the advantages of plasma 
polymerization have been fully recognized. Today, plasma 
polymerization is accepted as a valuable technique for surface 
modification. 
 
During plasma polymerization, the fast moving high energy electrons 
ionize the vapor precursor [111-113]; this creates highly unstable and 
reactive fragments or free radicals that will interact and bond with 
each other and the substrate to form the coating. The plasma will also 
cause surface activation which changes the surface chemistry, making 
it more susceptible to free radicals which improves the stability of the 
plasma polymerized coating (PPC). Not only electrons are used during 
PP, high energy UV is also produced and is capable of etching the 




Plasma polymerization has unique practical advantages which include 
(i) ultra-thin film deposition, (ii) good adhesion to the substrate 
material, and (iii) chemically stable and physically durable nature of 
the polymers [75].    
Various plasma parameters such as plasma power, treatment time, 
nature of precursor and flow rate can affect the chemical and physical 
characteristics of the deposited coating. The used dilution gas such as 
helium, argon or nitrogen can also deposit a vastly different coating 
chemistry and topography due to the different energy levels of 
metastable states and specific heat capacities between gases [98, 114-
116]. Plasma parameters effect on the films’ surface properties will be 
discussed in greater details in Chapter 4. 
Advantages of plasma processes (plasma activation as well as plasma 
polymerization) include the following: 
1. The modification is limited to the top surface layer and does not 
affect the bulk properties of the polymer. 
2. Surface modification is largely independent on the structure or 
chemical reactivity of the substrate. 
3. A wide range of compounds can be chosen as plasma media and 
therefore various functional groups can be introduced at the surface, 
by variation of the gas/monomer that is used thus providing a great 
diversity of possible surface modifications. 
4. The modification is more or less uniform over the whole substrate. 
5. Plasma activation/polymerization is a simple one-step procedure, 
and is an all-dry process. 
These advantages have resulted in the rapid development of plasma 
technology during the past decades, for applications ranging from 
adhesion to protective coatings, printing, membranes, biomedical 
applications and so on. 
 
3.1.4. UV polymerization 
In UV polymerization, the basic idea is to readily transform a liquid 
monomer (M) into a solid polymer material by using UV light (hν). 
Owing to their absorption properties, monomers are usually not 
sensitive to UV light; the addition of a light-sensitive compound called 




involves a photoinitiating system, a polymerizable system and a light 
source. Various additives such as dispersion agents, plasticizers, 
matting or gloss agents, pigments, light stabilizers, etc. can also be 
added depending on the application. The choice of light source and 
photoinitiator are correlated; for absorptivity to be achieved, the 
absorption spectrum of the photoinitiator must overlap the emission 
spectrum of the used light source. The photoinitiator absorbs the light 
to effectively produce reactive species that can initiate the 
polymerization [117].  
The efficiency of a photoinitiator is governed by a number of factors. 
Factors that should be considered in selecting an effective 
photoinitiator include its biocompatibility, adequate solubility, 
stability, low cytotoxicity, and high extinction coefficient (high 
absorptivity at low concentration). Sometimes, a photoinitiating 
system requires a co-initiator for an efficient polymerization process 
to occur. A co-initiator is a compound that does not absorb the light 
but interacts with an activated photoinitiator to generate the needed 
reactive species [39, 40, 118].  
The photoinitiating systems are usable in radical, cationic and anionic 
photopolymerization reactions. The nature of the produced initiating 
species: radicals (R.), cationic (C+) and anionic (A-) is dependent on the 
starting molecule. Radical photopolymerizations are the most 
encountered reactions compared to cationic and anionic reactions. 
Radical chain polymerization occurs in three steps. The initiating step 
corresponds to the decomposition of the photoinitiator producing an 
initiating specie (i.e., a free radical R.) able to react with a monomer 
unit to form an active center that can attack other monomers. Further 
units are thus added to form the macromolecule; this step is called 
propagation. The final step is termination: photopolymerization is 
terminated when the reactive intermediates are destroyed or rendered 
inactive either by the reaction with another radical (combination or 
coupling) or by the transfer of a β-hydrogen from one radical to 
another (disproportionation) [41, 118]. A common radical 
photopolymerization reaction mechanism with a termination by 





Initiation:    I + hν → R.  
                     R. + M → RM. 
Propagation:    RM. + nM → RMnM. 
Termination (coupling):  RMnM. + RMmM. → RMnM-MMmR 
The UV polymerizable system can include either monomers or 
macromeres associated with the appropriate photoinitiator. A 
monomer is a rather small molecule having one or several chemical 
reactive functions able to form a polymer, whereas a macromere is an 
assembly of pre-polymerized monomers containing one or more 
reactive chemical functions enabling it to act as a monomer. 
Macromeres advantageously overcome the problems of toxicity 
encountered with low molecular weight monomers. While 
photopolymerizations of monomers are thoroughly investigated and 
used for many applications, they are generally overlooked in tissue 
engineering because most monomers are believed to be cytotoxic. In 
tissue engineering, photopolymerizable macromers are usually used 
and most literature on UV amine polymerizations is focused on the 
formation of hydrogels.  
Hydrogels are three-dimensional cross-linked polymeric structures 
that swell by retaining a high fraction of water. They are highly 
biocompatible and are therefore extensively used in tissue engineering 
and drug delivery devices.  
Some types of hydrogels can be photopolymerized in vivo. In vivo 
photopolymerizations are difficult since the acceptable ranges of 
temperatures and pH values are very narrow and most monomers and 
organic solvents are toxic for biological systems. However, some 
photopolymerization systems having mild polymerization conditions 
(using macromeres, low organic solvent levels, low light intensity, 
short irradiation time, and physiologic temperature and pH) can 
overcome these restraints and are able to be carried out in the 
presence of cells [39, 41].  
 
In a study by Lu et al.[119] microcapsules with stronger mechanical 
strength were prepared by irradiating a photosensitive system formed 




membranes are used for microencapsulation of cells and enzymes in 
order to protect them and offer them an appropriate growth 
environment. Capsules containing cells can be implanted in the body 
thus diminishing the immune rejection. In another study by Mellott et 
al. [120] highly cross-linked hydrogel spheres were fabricated using 
UV polymerization of poly(ethylene glycol) diacrylate and 
pentaerythritol triacrylate with an appropriate photoinitiator and  
allylamine was added to the spheres. These spheres were used as 
protein and drug delivery systems and allylamine was added to 
change the polymer characteristics and release properties.  
The used light source, its wavelength, intensity, exposure duration 
and the choice of the type of photoinitiator, monomers and 
comonomers and their concentrations permit a high degree of external 
control over the photopolymerization process. 
3.2. Comparison of the surface coating 
techniques   
First, a big difference between post-irradiation grafted/UV and 
plasma polymers is related to the chemical structure of the starting 
organic compound (monomer) forming the polymer. It is well known 
that a polymer is formed when a very large number of structural units 
(monomers) are linked by covalent bonds. In the case of conventional 
polymerizations (e.g. post-irradiation grafting and UV 
polymerization), provided the appropriate polymerization conditions 
not all organic molecules possess the ability to form polymers. This 
ability is defined by the functionality of a molecule which is its 
interlinking capacity or its number of available sites for bonding with 
other molecules. A molecule is classified as monofunctional, 
bifunctional or polyfunctional depending on whether it has one two or 
more bonding sites. When bifunctional or polyfunctional molecules 
react, the chain growth can be repeated almost indefinitely 
(bifunctional monomers lead to the formation of linear polymers and 
polyfunctional monomers lead to the formation of cross-linked 
polymers). Therefore, for a molecule to be able to form a polymer it 
should be at least bifunctional. This limits the choice of monomers 
that can be used during these processes [121]. For amine coating 




pair of electrons in the double bond in the allylamine molecule gives it 
the ability to form two bonds: allylamine is therefore bifunctional.  
Whereas, in the case of plasma polymerization, this monomer 
limitation does not exist. As stated previously, the monomer molecule 
is fragmented in the plasma and radicals are formed which can 
recombine thus forming a cross-linked polymer. Therefore, for amine 
coating formation, all amine containing organic molecules can be 
used.  
This is why there are lots of articles in literature on amine plasma 
polymers and not so much on amine post-irradiation grafted/UV 
polymers. 
 
Another main difference between plasma and post-irradiation 
grafted/UV polymers is the chemical and physical structures of the 
resulting polymers. Following a plasma polymerization which starts 
from the monomer vapor phase and due to the fragmentation of the 
monomer in the plasma and the subsequent radical rearrangement, 
the obtained PPC is highly cross-linked and its chemical structure is 
far from the one obtained by conventional polymerization (many 
different functional groups can be formed) [91, 122]. In contrast, UV 
polymerization processes which start from the monomer liquid phase 
yields polymers with chemical and physical structures closely related 
to those produced by conventional chemical synthesis [123]. Moreover, 
despite being a plasma induced process, it is important to note that in 
post-irradiation grafting, the monomer is not subjected to the plasma. 
This implies that the formed polymer will also have a similar 
composition as polymers obtained by conventional polymerization. A 
comparison of plasma polymerization and plasma grafting for the 
introduction of primary amino groups shows that primary amino 
monofunctional surfaces are obtained using the plasma post grafting 
method. According to the authors, this phenomenon is due to 
monomer fragmentation in the plasma which leads to several side 
reactions. In that case, a more heterogeneous formation of several 
types of amino compounds can occur. In general, the major advantage 
of the post grafting approach is the ability to avoid these side 












CHAPTER 4: EFFECT OF 
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Despite the efforts that have been made, plasma polymerization 
remains a very complex process that is not well understood. The 
structure of plasma deposited films is not as well defined as that of 
conventional polymers. As already mentioned, many parameters, such 
as the nature of the precursor, the precursor flow rate, the reactor 
chamber’s pressure, the reaction time, the power and frequency of the 
discharge, the geometry and physical dimensions of the reactor, etc. 
are believed to influence the surface properties of the resulting thin 
film [125]. Various studies have been conducted and a considerable 
amount of attention has been paid to the plasma process parameters’ 
effects on the final layer properties. In fact, surface characteristics of 
a biomaterial have a major influence on the cell-material interactions; 
hence the importance of tailoring these characteristics by adjusting 
the plasma parameters depending on the product’s end use 
application. 
Initially, most of the studies on plasma polymerization focused on the 
production of highly cross-linked films. Reactions were carried out 
under high-energy plasma conditions, leading to chemical bond 
dissociation processes. More recently, interest has shifted towards the 
synthesis of films containing high concentrations of specific functional 
groups at the surface.  
 
In this chapter, a summary of the effect of plasma process parameters 
on various amine-deposited film properties as elucidated by 
researchers in this field will be given. Process parameters will be 
discussed based on different studies, but one should always keep in 
mind that various results emerging from different studies are hinted 
by the possible role of the distinctive processes (different reactor, 
plasma media and plasma source) used in each case.  
 
4.1. Discharge power and deposition time effect 
Electrical power and treatment time have a large impact on the 
nature and concentration of the molecular species formed in the 
reactor, which in turn significantly influences the deposition rate and 




Effect on deposition rate / film thickness: Lucas et al. [126] studied 
the power variation (between 3 and 100 W) effect on the deposition 
rate of allylamine plasma polymers. They found that deposition rate 
increases with increasing power. The same effect was observed by 
Myung et al. [122] with power variation between 30 and 90 W. The 
thickness of the film increases with increasing plasma power since 
high power generates high plasma density which increases the 
deposition efficiency. However, in another study by Lejeune et al. 
[127], the increase of deposition rate with power was found to be valid 
only up to a certain limit. In fact, the deposition of a film relies on a 
dynamic equilibrium between a process of deposition and a process of 
sputtering by incoming particles from the plasma. At low power of 
deposition (P < Plimit), the first process dominates the equilibrium. The 
amount of low energetic particles arriving on the surface of the film 
increases and the rearrangement of these deposited particles is low. 
This growth mode favors the formation of a low density structure (low 
cross-linking degree) with a high growth rate. With the increase of the 
power, the incoming particles have a higher energy and can penetrate 
more deeply in the growing film. Structural reorganization processes 
such as cross-linking of the polymeric chains and re-sputtering 
phenomena can occur. When the power is high enough (P > Plimit), the 
second process of the dynamic equilibrium acts effectively on the 
deposition: due to the sputtering effect, the growth rate becomes 
constant and due to the bombardment effect, the density of the film 
increases (high cross-linking degree) (see figure 4.1). For Lejeune et 
al. the limiting power was 30 W, but as already mentioned, results 
from different sources can only be compared to a certain extent and 
this limiting power varies from one treatment to another by taking 
into account the plasma media, plasma source, plasma parameters 
and reactor geometry. 
 
Myung et al. [122] also investigated the effect of treatment time on 
the deposition rate. They found that the thickness of the deposited 
layers increases with the increase of plasma polymerization time. 
Martin et al. [128] investigated the synergistic effect of plasma power 
and deposition time on n-heptylamine plasma polymerized (HApp) 
film thicknesses using atomic force microscopy (AFM) step height 
measurements combined with a surface masking technique. The 




high power and long deposition (thickness average of 47 nm) to those 
involving low power and short deposition time (thickness average of 3 
nm) (see figure 4.2). 
 
 
Figure 4.1. Growth rate of plasma polymerized allylamine films as a 




Figure 4.2. Square plot summarizing the influence of power and 
deposition time on the thickness of HApp layers [128] 
  
Effect on film’s atomic composition: Martin et al. [128] also studied 
the effect of power on the atomic composition of the layers using X-ray 
photoelectron spectroscopy (XPS) analysis. High power yielded 




of low power: by varying the power from 80 W to 10 W nitrogen 
content increased by ca. 15%. This is due to the more successful 
breakdown of the monomer molecule achieved at higher power, 
yielding layers which present less nitrogen atoms. This behavior has 
also been observed by Shard et al. [88]. However, deposition time and 
time-power interaction do not have a significant effect on the atomic 
composition of the layers [128].  
In the study conducted by Lucas et al. [126], the use of XPS coupled to 
derivatization reactions for allylamine plasma polymerization showed 
that %NH2 decreases with the increase of power. This was also 
observed by Lejeune et al. and Müller et al. [124, 127]. The effect of 
plasma on the retention of the precursor functional group also 
depends on the plasma mode. Basarir et al. [129] worked on plasma 
polymerization of allylamine using both CW and pulsed modes. 
Results showed that pulsed plasma polymerization further increased 
amine density. In fact, in the pulsed mode, the mean power per 
precursor molecule is lower than that in the CW mode. In the off-time, 
dissociated monomers react with each other instead of continuing to 
dissociate. Moreover, the use of lower Pmean in pulsed plasma 
polymerization results in a higher retention of the primary amine 
functional group [11, 130]. 
 
By using IR spectroscopy on allylamine plasma deposited films, 
Myung et al. [122] noticed changes in film composition by varying 
input power between 30 and 90 W. High-power plasma led to a higher 
ratio of C≡N to CH than the ratio of NH to CH, thus to a 
recombination of amine functionalities into nitrile (C≡N) groups. This 
was also observed in two studies by Hamerli et al. [131, 132]. At high 
power, monomer fragmentation is accelerated and results in the 
formation of imine groups and nitrile groups. A high retention of 
amine groups is mainly favored by low input power (< 30 W). This has 
been confirmed by Wen-Juan et al. [133] where power was varied 
between 5 and 30 W. The increase of plasma power caused more 
formation of C=N groups which can be explained by the sufficient 
fragmentation of monomer at higher applied powers. 
Furthermore, Myung et al. [122] correlated the contact angle to the 
plasma input power. The contact angle increases with increasing 
input power thus causing a decrease of the surface free energy i.e. a 




resulted in this effect were the loss of amine functional groups and the 
formation of cross-linked structures due to more fragmentation of 
allylamine by increasing input power. In another study by Sanchis et 
al. [134], treatment time effect on surface morphology was 
investigated via AFM imaging. Different surface morphologies with a 
slight increase in surface roughness were observed as exposure time 
increased. 
As we can see, power has a great influence on the chemical and 
physical properties of the deposited films. The synthesis conditions for 
deposition of plasma polymer films with high functional group 
concentration are characterized by low powers thus leading to low 
precursor fragmentation. This will result in the reduction of the 
plasma polymer film cross-linking degree [130]. However, the control 
of the cross-linking degree is an important factor for the optimization 
of the plasma polymer film stability and mechanical and thermal 
properties [135]. Therefore, it is important to evaluate the cross-
linking degree in addition to the plasma and polymer film chemistry 
in order to choose the appropriate power [129, 136]. 
 
4.2. Monomer flow rate effect 
Monomer flow rate is an important plasma process parameter that 
has been investigated in order to correlate it to the deposited film 
properties. 
Hamerli et al. [131] and Basarir et al. [129] investigated monomer 
flow effect on amine functionality retention. At constant power and 
treatment time, higher monomer flow rates yielded higher amine 
retention. The increased amine density with increased flow rates can 
be explained by less dissociation of monomers, owing to the decreased 
plasma power for each molecule as the monomer flow rate increased.  
Another study by Martin et al. [128] showed that the monomer flow 






4.3. Precursor type effect  
The precursor type is one of the most important factors in plasma 
treatments. For instance, in plasma polymerization, the use of a non-
saturated monomer like allylamine is advantageous compared to 
saturated ones because in the former case less energy is needed for 
the polymerization process. In fact, the double bond in allylamine 
encourages a deposition by a combination of plasma and conventional 
free-radical polymerization. Because of that, allylamine typically 
polymerizes at low energies. Due to less fragmentation, a higher 
amount of primary amines can be retained in the plasma polymer [87, 
137]. Furthermore, each precursor is characterized by its own 
chemical structure and thus its particular bond breaking energies 
which influence to a great extent the selectivity of the fragmentation 
processes in the plasma. Therefore, depending on the kind of 
monomer used, various chemical compositions are obtained after each 
plasma treatment [11, 72, 138]. For example, Hamerli et al. [132] used 
ammonia and allylamine as plasma precursors. A higher amine 
concentration was found on the allylamine modified samples. 
Mangindaan et al. [139] used allylamine, propylamine and 
propargylamine (another unsaturated monomer) as precursors. XPS 
coupled to derivatization showed that allylamine incorporates the 
highest amount of amines functionalities into the corresponding thin 
films compared to those synthesized from the two other precursors. 
The precursor type also influences the growth mode and thickness of 
the deposited layers. Michelmore et al. [140] noticed that films grown 
from n-heptylamine initially show “island-like” growth before a 
continuous smooth film is formed. In contrast, films from allylamine 
grow smoothly from the very earliest stages. Moreover, it has been 
found that monomers containing double bonds polymerize faster in 
plasma than their saturated counterparts. Gancarz et al. [72] have 
investigated the plasma polymerization of n-butylamine and 
allylamine and observed that the deposited layers are much thicker 
for allylamine plasmas. This observation has also been confirmed in a 
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In this chapter, an overview of literature on plasma treatments used 
for the incorporation of amine functionalities and their influence on 
cell-material interactions will be given. It is important to note that 
each precursor compound and each plasma treatment are unique and 
will yield different surface chemical and physical properties. Hence, 
for the same plasma media, a different plasma treatment will yield 
specific surface characteristics. And for the same plasma treatment, a 
different plasma media will also yield specific surface characteristics. 
Moreover, a specific type of cell reacts differently with specific surface 
properties. 
Cell adhesion and proliferation on amine plasma polymer films 
deposited onto different substrates have been widely investigated. 
Different plasma methods have been used and different cells and 
biomolecules interactions with the treated surfaces have been 
investigated for various biomedical applications. In the following, only 
some of the main studied bio applications will be explored. An 
overview of the various cited works on cell-material interactions for 
different amine plasma treatments is given in table 5.I. 
One important studied bio application is hemocompatibility of 
biomaterials used in blood contacting devices [141]. 
Hemocompatibility is considered to be one of the most critical aspects 
of biocompatibility. In order to achieve better hemocompatibility, a 
common approach is to immobilize heparin on the surface of the 
implant. Heparin is a strongly acidic, negatively charged 
polysaccharide (see figure 5.1) used in preventing thromboembolic 
complications due to its high affinity binding to antithrombin III 
resulting in its conformational change thus accelerating its ability to 
inactivate the coagulation enzymes [142, 143]. Metallic biomaterials 
used for vascular devices have excellent mechanical properties and 
corrosion resistance but have insufficient long-term 
hemocompatibility. Yang et al. [144] modified stainless steel using 
radio frequency plasma and a mixed gas of allylamine vapor and NH3. 
After plasma treatment, a Fourier-transform infrared spectroscopy 
(FTIR) study of the deposited film showed a good retention of the 
allylamine structure and thus the presence of primary amine 
functionalities on the surface. Nevertheless, the appearance of some 




primary amine groups are partially transformed into nitrile, amide or 
imine functional groups. As a consequence, the hydrophilicity was 
greatly improved. The water contact angle decreased from 70.8 to 
62.7°. Hemocompatibility improvement was successfully achieved by 
heparin immobilization on the plasma polymerized allylamine. Cell 
culture tests were also conducted using endothelial cells which were 
found to adhere and proliferate in a better way on the plasma 
polymerized allylamine coating. Both improved hemocompatibility, 
adhesion and proliferation of endothelial cells were attributed to a 
combined effect of increased wettability and amine based surface 
chemistry. In another study [145], the improvement of 
hemocompatibility of polymeric vascular prosthesis such as 
polytetrafluoroethylene (PTFE), polystyrene and silicon was 
investigated. After depositing diamond-like carbon (DLC) films on the 
polymer substrates via acetylene plasma, functionalization was done 
using ammonia plasma. The NH3 plasma exposure time was varied 
from 0 to 300 s resulting in a different heparin coverage. For the 
different treatment times, heparin was successfully immobilized on 
the functionalized DLC leading to an extended blood coagulation time. 
The maximum of bound heparin was obtained at a 30 s treatment. 
Moreover, different heparin coverages were obtained for the different 
substrates. Based on these observations, the authors suggested that 
the initial surface roughness and the plasma treatment time i.e. the 
surface chemical structure influence the final heparin coverage.  
  
Figure 5.1. Chemical structure of heparin molecule [146] 
 
In another important studied bio application related to biomedical 
implant devices, cell adhesion is very important because it is 
considered to be the determinant of the success or failure of 
implantation. Anchorage-dependent cells such as fibroblasts and 




[147]. It was found that attachment, proliferation and function of 
these anchorage-dependent cells are highly dependent on the surface 
properties of biomaterials [148]. The variation of biocompatibility 
after amine plasma treatment of many biomaterials has been studied 
by the means of fibroblast and osteoblast cell cultures. Wen-Juan et 
al. [133] and Ren et al. [149] modified silicon surfaces with allylamine 
dielectric barrier discharge and microwave plasma respectively. After 
plasma exposure, the contact angle decreased considerably due to the 
formation of various nitrogen functionalities as determined by FTIR. 
Cell culture tests with fibroblasts showed that both cell adhesion as 
well as cell proliferation could be improved by allylamine plasma 
treatment. Comparable results were obtained by Zelzer et al. [150] 
using glass substrates. 
In a study by Hamerli et al. [131], the surface of polyethylene 
terephtalate (PET) was modified via allylamine microwave plasma 
polymerization. Plasma process parameters such as power (MW 
power), monomer flow rate (ØAllylamine) and duty cycle were varied 
which allowed the formation of different film chemical compositions. 
FTIR and XPS indicated that nitrogen as well as oxygen 
functionalities were incorporated which resulted in an increased 
hydrophilicity. Pictures from scanning electron microscopy showed 
that homogeneous pinhole-free allylamine plasma polymer (PPAam) 
films were obtained. Cell tests revealed improved cell attachment and 
spreading on PPAam coated PET compared to plain PET (see figure 
5.2) with a greater improvement of biocompatibility on plasma 
polymerized allylamine coated surfaces containing amine 
functionalities in relatively high concentration. This is in agreement 
with other research indicating that amino groups rather than others 







Figure 5.2. Photomicrographes of fibroblasts adhering on PET and 
PPAam membrane surfaces; (a,c) 4 h of cultivation, (b,d) 24 h of 
cultivation, (a,b) PET membrane, and (c,d) PPAam coated PET 
membrane “MW power of 1200 W and ØAllylamine of 30 sccm” [131] 
 
In another study by Hamerli et al. [132], PET membranes were 
modified by ammonia and allylamine microwave plasma treatments. 
Both plasma treatments yielded an approximately similar decrease in 
contact angle. Cell tests showed that fibroblast adhesion and 
spreading was improved for both plasma treatments compared to 
plain PET with higher proliferation on allylamine-modified samples in 
comparison to ammonia-plasma modified samples. This is mainly 
attributed to the higher amine concentration on allylamine modified 
PET. 
Other studies involving osteoblast cell tests were also conducted on 
amine plasma polymerized films resulting in an improved cell 






Table 5.I. Representative overview of plasma processes for the 
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6.1. Used materials 
For plasma treatments, UHMWPE homopolymer was ordered in sheet 
form (0.075 mm thick) from Goodfellow (Cambridge, UK). For optical 
reflectance spectroscopy (OPS) measurements, polyethylene 
terephthalate (PET) film with a thickness of 0.1 mm was also ordered 
from Goodfellow (Cambridge, UK). Rectangular samples of 2*1 cm2 
were cut for plasma treatment and subsequent physic-chemical and 
cell interaction studies. 
For plasma activation, gases (helium, nitrogen, argon and air) 
(Alphagaz 1, with guaranteed low impurity levels) were purchased 
from Air Liquide (Herenthout, Belgium) and were used as supplied. 
For ethanol sterilization, ethanol (≥ 99%) was purchased from Carl 
Roth GmbH (Karlsruhe, Germany) and used as such. 
Allylamine (98%) used for post-irradiation grafting, plasma 
and UV polymerizations, 2-hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone “Irgacure2959” (98%) and acetone (≥ 
99.5%) used for UV polymerization and 4-trifluoromethyl-
benzaldehyde (TFBA) reactant (98 %) used for derivatization 
were all purchased from Sigma-Aldrich. 
6.2. Plasma treatments 
All plasma treatments were performed using a dielectric barrier 
discharge (DBD) reactor which is schematically represented in figure 
6.1. The experimental set-up consists of two copper electrodes (ø = 40 
mm) embedded in a ceramic dielectric enclosure with a gas inlet fixed 
between the two embedded electrodes. The distance between the 
ceramic plates is 6 mm. The upper electrode is connected to a high 
frequency (58 kHz) AC power source, while the lower electrode is 
grounded through a resistor R (50 Ω) or a capacitor C (10 nF). For 
plasma activation, the sample (UHMWPE) is placed on the lower 
dielectric in the middle of the electrode and fixed with tape. The 
reactor is first pumped down to 0.01-0.03 kPa using a rotary vane 
pump then it is filled with the desired discharge gas using a 
Bronkhorst El-Flow mass flow controller at a rate of 3 slm (standard 




pressure, the gas flow rate is kept constant for 3 min: this is a purging 
step. The pumping and purging steps are necessary to obtain a 
controlled plasma atmosphere and reduce the oxygen contamination 
of the reactor environment. Afterwards, the plasma chamber is 
pumped down to 5 kPa, the flow rate is reduced to 1 slm and the AC 
power source is turned on for a specific amount of time. 
For post-irradiation grafting and plasma polymerization, surface 
activation is first performed in the saturation region where the 
maximum surface functional groups is reached. This region was 
determined by plotting the water contact angle (WCA) of the 
UHMWPE as a function of plasma treatment time: the WCA 
decreases with the increase of treatment time before reaching a 
plateau value after a determined amount of time. Afterwards, for 
post-irradiation grafting, allylamine is sent into the reactor with a 
1g/h flow rate for 5 min. For plasma polymerization, the activation 
step is performed in order to increase the subsequent deposited 
coating adhesion to the substrate. Following this, the system is 
brought to the required pressure with a predefined He flow rate. The 
He and well determined allylamine flows are subsequently sent into 
the reactor between the two electrodes. Plasma is then ignited with a 
predetermined discharge power and for a specific period of time. 
One should note that, for bipolar film deposition, a second similar 
experimental set-up was used for acrylic acid. The reactor consists of 
two copper electrodes. The lower electrode is embedded in a ceramic 
crucible and connected to a high frequency (50 kHz) AC power source. 
The upper electrode is porous covered with a ceramic coating and 
connected to earth through a resistor R (100 Ω) or a capacitor C (10.4 
nF). Space between the two electrodes is 7.7 mm and the gas inlet is 
connected to the reactor on the topside where the upper electrode is 
located. The gap between the gas inlet and upper electrode is filled 
with a glass wool filler that helps to distribute the gas flow more 
evenly before entering the plasma discharge region.  
Monomer dosing is done by using a Bronkhorst controlled evaporation 
module (CEM, type W-202A) while allylamine and He are sent into 
the reactor by a Bronkhorst mini CORI-FLOW meter (type M12): 




evaporates the monomer before entering the reactor and is believed to 
be more reliable and stable compared to the more commonly used 
bubbler systems. 
 
Figure 6.1. Schematic representation of the used DBD set-up (1- 
Helium container, 2- Mass flow controller for helium, 3- Allylamine 
container, 4- Mass flow controller for allylamine, 5- CEM system, 6- 
Plasma reactor “A- HV electrode, B- Ground electrode, C- dielectrics”, 
7- Pressure gauge, 8- Valve, 9- Pump) 
6.3. UV treatments 
UV treatments were performed using a high performance ultraviolet 
trans-illuminator TFL-40 source of APPLITEK Inc. UHMWPE 
samples (2*1 cm2) were soaked in an allylamine (1.2 M), Irgacure2959 
(0.12 M) acetone solution for 4 h and subsequently exposed to UV (λ = 
365 nm) for 1 hour.  
6.4. Sterilization processes 
For the UV sterilization study of the plasma treated samples, a high 
performance UV transilluminator (λ= 365 nm, Applitek, TFL-40V) 
was used. After plasma treatment, the samples were exposed to UV 
for 1 h. For the ethanol rinsing sterilization test, plasma treated 
samples were soaked in ethanol for a couple of seconds and left to dry 




6.5. Ageing test 
To determine the influence of plasma parameters on the coating 
ageing behavior, a stable environment is required to store the 
samples. Moreover, since the ageing behavior of plasma treated 
polymers depends on different parameters, such as ageing medium, 
temperature and humidity these parameters should be fixed. For that, 
after plasma treatment, the films are stored in a BINDER KMF 115 
climate chamber. This chamber provides a wide temperature (T) 
between -10°C and 100°C) and relative humidity (RH between 10 and 
90%) range. In this study, T and RH were fixed (T= 20°C, RH= 30%) 
with fluctuations of less than 0.2°C and 2.5% respectively.  
6.6. Stability test 
To determine the influence of plasma parameters on the coating 
stability behavior, a stable environment is also required to store the 
samples. For that, after plasma treatment, samples were soaked in 
deionized water and stored in a thermo-controlled bath (Julabo SW22) 
at 37°C for 7 days. Deionized water (D.I.) was chosen as test medium 
because it does not contain any compounds that might deposit on the 
sample surface and interfere with subsequent surface analyses. This 
is particularly important for XPS, due to the fact that even a 
nanometric-thick deposit on the coating surface will interfere with the 
obtained results.  
Afterwards, samples were stored overnight under vacuum to 
evaporate the water that can be trapped in the coating. 
6.7. Cell culture and cell/biomaterial tests 
6.7.1. Cell culture and cell seeding onto the UHMWPE 
films 
HFF-1 cells (human foreskin fibroblasts, ATCC) were cultured in 
DMEM glutamax medium (Gibco Invitrogen) supplemented with 10% 
foetal bovine serum (FBS, Gibco Invitrogen), 2 mM L-glutamine 
(Sigma-Aldrich, Belgium), P/S (10 U/ml penicillin, 10 mg/ml 
streptomycin, Gibco Invitrogen) and 100 mM sodium pyruvate (Gibco 




containing 5% CO2. UHMWPE films (diameter 14 mm) were left 
untreated or subjected to plasma treatment. Sterilization was 
performed by ethanol rinsing before plasma treatment and subjecting 
to UV light (30 min) after plasma treatment.  
For the cell adhesion assay, cells were seeded at a density of 100 000 
cells/ml medium per film in 24-well culture dishes and evaluated after 
1 day. For the cell proliferation assay, cells were seeded at a density of 
40 000 cells/ml medium per film in 24-well culture dishes and 
evaluated after 1 and 7 days. 
6.7.2. Cell distribution and morphology investigations 
To visualize cell attachment and distribution on the UHMWPE films, 
a live/dead staining (Calcein AM/propidium iodide) was performed. 
After rinsing, the supernatant was replaced by 1 ml phosphate buffer 
solution (PBS) supplemented with 2 µl (1 mg/ml) calcein AM 
(Anaspec, USA) and 2 µl (1 mg/ml) propidium iodide (Sigma). Cultures 
were incubated for 10 min at room temperature, washed with PBS 
solution and evaluated by fluorescence microscopy (Type U-RFL-T, 
Olympus, XCellence Pro software, Aartselaar, Belgium). 
Cell morphology was examined by scanning electron microscopy 
(SEM). After seeding, the polymer films were washed with PBS 
followed by fixation with 2.5% glutaraldehyde in 0.1 M cacodylate 
buffer for 1 hour. The cells were subsequently dehydrated by 
immersion through increasing ethanol series (50%, 70%, 85%, 95% 
and 100%) for 10 min. Afterwards, samples were immersed in 
hexamethyldisilazane (HDMS) for 10 min. 
6.7.3. MTS viability 
The colorimetric MTS assay (CellTiter 96® Aqueous non-
radioactive cell proliferation assay, Promega), using a 
tetrazolium compound [3-(4, 5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2H-tetrazolium, inner salt; MTS] and 
an electron coupling reagent (phenazine methosulfate; PMS) 
was performed to quantify cell viability and proliferation on 
the UHMWPE films. MTS is bio-reduced by cells into a 




The cell culture medium on the UHMWPE films was replaced by 0.5 
ml culture medium (phenol red free DMEM containing 10% FBS) 
supplemented with 0.1 ml MTS/PMS solution and incubated at 37°C. 
After 4 hours, 0.5 ml was transferred to a 24-well tissue culture plate 
and the absorbance was measured at 490 nm (Universal microplate 
reader EL 800, Biotek Instruments). Triplicate measurements were 
performed at the same time points as the microscopic evaluation. 



















As already mentioned, the success of an implant is determined by the 
response of its surrounding biological environment. This is governed 
to a large extent by the surface properties of the biomaterial where 
the interaction happens. Correspondingly, considerable efforts have 
been focused on surface engineering of biomaterials in order to give 
them the ability to promote cell adhesion, proliferation and to 
maintain cell functions. Therefore, a clear characterization of the 
physical and chemical properties of the biomaterial surface has a 
major scientific importance on cell-biomaterial interactions allowing 
the evaluation of the bioactivity of the surface engineered biomaterial. 
Moreover, it allows a better understanding of the used process and its 
influence on the resulting material’s surface properties which play a 
crucial role in its function fulfillment. Listed below are the most 
commonly used surface characterization techniques. 
7.1. Water contact angle (WCA) goniometry 
Contact angle measurements give information about the top several Å 
of a plasma film [159]. WCA is one of the common ways to measure 
the wettability of a surface. It indicates the degree of wetting when a 
solid and liquid interact: small contact angles (< 90°) correspond to 
high wettability, while large contact angles (> 90°) correspond to low 
wettability (see figure 7.1). 
Contact angle measurements provide a simple tool to study changes of 
the surface composition that polymers undergo upon surface 
treatment [160, 161], ageing [162, 163], or migration of functional 
groups in certain environments [164, 165]. 
WCA measurements can be used to determine whether polar groups 
have been successfully grafted on the samples [166]. They also provide 
a rough indication on the cell-material interactions: hydrophobic 
(>90⁰) or super hydrophilic (<20⁰) surfaces delay or deny cell adhesion 
and protein absorption. For example, studies have shown that 
polymer substrates grafted with a high density of polyethylene glycol 
(PEG) are super hydrophilic, this kind of surfaces is often called 
protein resistant [167, 168]. Amine grafting will normally cause a 
decrease in WCA due to the incorporation of nitrogen functionalities 
thus improving the surface wettability. Hydrophilic surfaces with 




In this thesis, water contact angles were obtained at room 
temperature using a commercial Krüss Easy Drop optical system 
(Krüss GmbH, Germany). This system is equipped with a high 
precision liquid dispenser to control the drop size of liquid placed on 
the sample surface. The drop image was then stored via an interline 
CCD video camera. Afterwards, the measurement of the static contact 
angle was done fully automatically by using the computer software 
provided with the instrument. Distilled water drops of 1 μl were used 
as test liquid and the contact angles were obtained using Laplace-
Young curve fitting. For each condition, three samples were made and 
for each of them six WCA values were measured over an extended 
area of the treated sample. From these various measured WCAs, 
averages and standard deviations were determined. Standard 
deviations were less than or equal to 3°. 
 
 
Figure 7.1. Principle of contact angle measurement 
7.2. X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy is a very powerful surface analysis 
technique also known as electron spectroscopy for chemical analysis 
(ESCA). It works by irradiating a sample with mono-energetic soft X-
rays causing surface electrons to be ejected. 
XPS measuring technique depends on the photoelectric effect (see 
figure 7.2; for an electron to be emitted from a particular material, the 
photon energy (Ephoton) must be higher or equal to the binding energy 
(Ebinding) of the electron to the material) and the conservation of energy 
(the input energy must be equal to the output energy, see equation 
7.1). It is important to note that this measuring technique has a depth 
penetration of a few nanometers, typically 10 nm. When the sample is 




energies (Ekinetic). The detector records the number of photoelectrons 
emitted from the sample and their kinetic energy to calculate the 
binding energy by subtracting the X-ray photon energy, the recorded 
kinetic energy and the energy dissipated during the travel path of the 
electrons towards the detector (C’) (equation 7.1). From this, it can 
plot a graph with the number of photoelectrons versus the binding 
energy (eV). The elements are determined by the binding energy and 
the percentages of elements present are determined by the number of 
emitted photoelectrons. 
Conservation of energy in XPS: 
𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔  =  𝐸𝑝ℎ𝑜𝑡𝑜𝑛 −  𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 − 𝐶′          (7.1) 
 
 
Figure 7.2. Photoelectric effect 
An important advantage of XPS is its ability to obtain information on 
chemical states from the variations in binding energies, or chemical 
shifts, of the photoelectrons [170]. 
 
Since a wide range of chemical functionalities is introduced on the 
surface of a plasma treated material [131], each of these groups might 
cause the observed binding energy of a particular peak (e.g. C 1s or N 
1s) to shift to varying degrees. The resulting overall peak shape is a 
superposition of many components which are not clearly resolved. 
Curve-fitting can be a powerful method of extracting additional 
information from XPS data in which contributions from different 





A high amount in nitrogen atoms does not necessarily impart a high 
amount of amine groups on the polymer surface. Peak fitting of the 
high-resolution spectrum of the N 1s peak confirms the addition of 
different nitrogen functionalities to the surface during plasma 
treatment. The assignments of the different nitrogen groups under 
the N 1s peak found in literature are: amines (398.9 -399.3 eV) [84, 
171, 172], nitriles (399.6 eV) [173], amides (399.8 eV) [84, 171-173], 
imides (400.5 eV) [84, 171-173] and quaternary amines (401.3 - 401.5 
eV) [172-174]. Moreover, in the peak fitting of C 1s in amine plasma 
deposited films two additional peaks might be observed: 286.4 eV 
corresponding to C-N (amine) and 288.0 eV corresponding to N-C=O 
(amide) groups [138, 175]. The areas under the photoelectron peaks in 
the spectrum are used to calculate the atomic concentrations. 
In this thesis, XPS surface analysis is performed on a PHI Versaprobe 
II spectrometer employing a monochromatic Al Kα X-ray source 
(hν = 1486.6 eV) operating at 23.3 W. All measurements were 
conducted in a vacuum of at least 10− 9 kPa and the photoelectrons 
were detected with a hemispherical analyser positioned at an angle of 
45° with respect to the normal of the sample surface. Survey scans 
and individual high resolution spectra N1s/C1s were recorded with a 
pass energy of 187.85 eV and 23.5 eV, respectively. On each sample 
surface 3 spots (200*600 μm) were selected for measurement. The 
elements present on the UHMWPE surfaces were identified and 
quantified from the XPS survey scans using Multipak software 
(Version 9.5). 
XPS curve-fitting was performed in order to characterize the chemical 
neighborhood of the elements and thus identify and quantify the 
various contributions of the different formed chemical species. The 
hydrocarbon component of the C1s spectrum (285.0 eV) was used to 
calibrate the energy scale and the peaks are deconvoluted using 
Gaussian-Lorentzian peak shapes and a Shirley background. Curve 
fittings were all performed with a chi-square value less than 1 
indicating a good fit. Surface atomic composition and atomic bonds 
percentages are the average of the ones obtained for the 3 selected 




Another more meaningful identification and quantification method of 
the present chemical groups is a combination of XPS with chemical 
derivatization. Chemical derivatization consists in inducing a 
chemical reaction between a targeted chemical group of the amine 
plasma polymer film and a chemical reactant containing at least one 
atom different from the ones composing the sample. For a successful 
derivatization process, selectivity of the reagent towards a particular 
functional group, its detectivity, kinetics of the reaction, and stability 
of the derivatized species are some of the factors necessary to identify 
[138]. 
In the case of amine plasma treatments, to selectively probe –NH2 
groups, several reactants such as 4-trifluoromethyl-benzaldehyde 
(TFBA) [11, 76, 91, 127, 130, 137-139, 156], pentafluoro-benzaldehyde 
[60, 126], and para-chlorobenzaldehyde [176] have been used.  
In this thesis, in order to determine the primary amine content, a 
selection of the plasma polymerized films were subjected to TFBA 
derivatization.  
The derivatization reaction was carried out in a small glass enclosure 
containing the TFBA reactant. Allylamine plasma coated UHMWPE 
films were placed in such a way that direct contact between the coated 
surface and TFBA was avoided. The glass enclosure was then placed 
in an incubator at 40°C for 2 h [76, 137, 156] where the primary 
amino groups react with TFBA in a saturated gas phase to label them 
for detection. Afterwards, samples were allowed to outgas overnight in 
order to remove the excess unreacted TFBA adsorbed on the surface. 
TFBA derivatization reaction with a longer incubation time (6 h) was 
also conducted and similar results as for 2 h incubation time were 
obtained showing that a reaction time of 2 h is sufficient to label all 
NH2 groups. 
During the derivatization reaction, TFBA is covalently linked via 
imine bonds and NH2 groups are selectively probed by the reagent CF3 
terminal group with a ratio of one CF3 for one NH2 (see figure 7.3).  
After the derivatization step, the [NH2] (%) is calculated from XPS 










 * [N]   (%)                                                                 (7.3)   
where [NH2]TFBA, [N]TFBA and [F]TFBA represent the relative 
concentration of primary amines, nitrogen and fluorine at the TFBA 
treated sample surface; whereas, [NH2] and [N] represents the 
relative concentration of amino groups and nitrogen at the as-
deposited sample surface.  
 
Figure 7.3. Reaction scheme for TFBA derivatization of primary 
amine functionalities [138] 
 
7.3. Spectrophotometry (SPE) 
Another used method for studying the plasma coating chemistry 
involves using chromogenic dyes; there is a range of different reagents 
for specific functional groups which yield different colors. In order to 
quantify the present functional groups using SPE, the polymer is first 
dissolved in an appropriate solvent then the absorbance value is 
measured at a certain wavelength depending on the type of 
chromophore used. Afterwards, the absorbance value is referred to a 
predetermined standard curve prepared from various solutions of 
known functional group concentrations (see figure 7.4).  
There are a few reagents specifically used to quantify –NH2 groups, 
but each have its own drawbacks. For example, despite being highly 
selective to –NH2 groups, methyl orange and picric acid are large 
molecules which cause steric hindrance (the active sites available for 
reactions are blocked by the large neighboring molecules) and thus 
could give an underestimation of the actual value. These molecules 
also rely on electrostatic interactions so a pH control is crucial for the 
formation of chromophores [177-180]. Ninhydrin on the other hand is 




control; it does however need a little heating to speed up the reaction 
and it reacts with secondary amines [62, 181-185]. 
 
Figure 7.4. Basic spectrophotometry procedure for the quantification 
of chemical species 
7.4. Fourier-transform infrared spectroscopy 
(FTIR) 
FTIR is based on the interaction of an oscillating electromagnetic field 
with a molecule; it can roughly determine the kind of functional 
groups that have been grafted on the substrate. FTIR uses a range of 
IR wavelengths which are absorbed by the functional groups present 
on the sample’s surface. This produces characteristic vibrations, 
which are related with absorption bands in defined regions of the IR 
spectrum [186-188]. Therefore, functional groups can be identified by 
their corresponding IR absorption band (the IR spectrum is highly 
characteristic for a substance and can be used for identifying it). The 
sample is placed between 2 salt plates which are transparent to IR, 
the measurable range of IR is dependent on the used salt plates. To 
generate an IR spectral plot, the IR source must be split in 2 using a 
Michelson interferometer (see figure 7.5). One of the beams will be 
directed towards the sample and the other will act as a reference 
beam, the 2 beams are then collected simultaneously and a Fourier 
transform is used to convert the signal from a time domain to a 






Figure 7.5. Block diagram on the basic working of an FTIR 
spectrometer [188] 
During plasma polymerization, the monomer undergoes 
reorganization due to the breakage and the recombination of bonds. 
Amine groups are partially transformed into amide, imine or nitrile 
functional groups [91, 122]. In various allylamine plasma 
polymerization studies, one can see after comparison with the pristine 
monomer that some bands are significantly broadened, some 
disappeared while new bands also appeared. An example of these 
spectra can be seen in figure 7.6. Double peaks of primary amine N-H 
stretching vibrations at 3380-3290 cm-1 are well resolved on the 
spectra of the monomer but a wide absorption band is found on the 
polymer at 3390 cm-1 which can originate from a primary amine, a 
secondary amine or an imine as well. The deformation vibration of 
primary amines (1510-1650 cm-1) is observed in both spectra, but is 
considerably broadened in the spectrum of plasma polymerized 
allylamine (PPAam), which indicates the presence of alkene groups or 
imines. A new band appears for the polymer at 2200 cm-1 which is 
associated with the stretching vibration of nitrile (C≡N) groups [122, 








Figure 7.6. FTIR spectra of allylamine and PPAam [131] 
 
FTIR is an extremely fast and accurate qualitative measurement 
technique for surface analysis, it can be used to study the 
homogeneity of the surface. However, the absorption bands of some 
functional groups are so close to one another which makes it difficult 
to distinguish between them, e.g. –OH and –NH (the –NH signal can 
easily be masqued by the –OH signal).  
In this thesis, FTIR analysis is performed making use of a Bruker 
Tensor 27 (Bruker) spectrometer equipped with a single reflection 
ATR accessory (MIRacle™, Pike technology) using a germanium 
crystal as an internal reflection element. The FTIR spectra are 
recorded using an MCT-detector (liquid N2 cooled) with a resolution of 








7.5. Scanning Electron Microscopy (SEM) 
During SEM, the sample is bombarded with electrons causing it to 
release secondary electrons which are detected and used to form a 3-
dimensional image of the surface for structural analysis. Depending 
on the instrument, the resolution can fall somewhere between less 
than 1 nm and 20 nm. Since the polymer is non-conductive, a thin 
conductive layer like gold is plasma sputtered onto the polymer before 
imaging to enhance the emission of secondary electrons and prevent 
the built up of electrons on the polymer surface. SEM has been used 
in different studies involving plasma treatments. For instance, in a 
study by Hamerli et al. [131], SEM images showed that allylamine 
plasma polymerization yields homogenous pinhole-free layers. In 
another study by Sanchis et al. [134], SEM images showed that 
nitrogen plasma treatment formed micro-cracks on the sample 
surface. In this way, SEM can be used on plasma treated samples to 
give information regarding the deposited film morphology and the 
treatment effect on the sample surface. SEM can also be used to study 
the cell’s morphology and adhesion behavior (see figure 7.7) in order 
to evaluate the biocompatibility of the material [184, 189-191]. In 
general, extended shape cells and cell spreading indicate good cell-
material interactions and cell activity, while rounding up of cells on a 
substrate is a sign of weak cell–material interactions and often leads 





Figure 7.7. SEM images of Human Osteoblast seeded on a variety of 
substrates [184] 
 
In this thesis, cell morphology is visualized by a scanning electron 
microscope (JSM-6010PLUS, JEOL, Japan). The images are acquired 
with an accelerating voltage of 7 kV, after coating the samples with a 
thin layer of gold making use of a sputter coater (JFC-1300 autofine 
coater, JEOL, Japan). 
 
7.6. Atomic Force Microscopy (AFM) 
AFM is an imaging technique that uses a flexible cantilever with a tip 
attached at the end and a laser beam reflected from the other side. As 
the tip moves in close proximity across the sample surface, uneven 
surfaces will cause deflection of the cantilever which will cause a 
deflection on the reflected beam path which could be detected by a 
photodetector and used to form an image. Typical AFM resolutions 




polymers grow: AFM images have been used to show the surface 
morphology of the deposited films while varying the treatment time 
[140]. AFM analysis is useful, not only in a qualitative way but also 
for quantitative determinations, since it allows a 3D representation of 
the treated surface and quantifies the effects of the plasma etching 
mechanism by calculation of the surface roughness (root-mean-
squared roughness, Rrms) [134]. The role of surface roughness is to 
regulate cell proliferation and cell morphology, as increasing surface 
roughness to a certain point will greatly reduce cell proliferation and 
cell spreading [193, 194]. With AFM’s sub nanometer resolution, it can 
be used to study protein immobilization. To determine the 
concentration of –NH2 that has been incorporated onto the substrate, 
the coating is subjected to DNA strands which are immobilized 
through electrostatic interactions between the electronegative DNA 
phosphate backbone and the electropositive –NH3+ groups. If long 
distinct lines are observed on the AFM images, this means that there 
are highly aligned immobilized DNA strands which indicates the 
presence of –NH2 on the surface (see figure 7.8) [195, 196]. 
 
Figure 7.8. AFM images of N2 plasma treated polymer film (a) before 
and (b) after DNA molecules immobilization [195] 
 
In this thesis, samples’ topography and roughness were determined 
using an XE-70 atomic force microscope (Park systems) at ambient 
atmosphere. 14.4 μm scans were recorded in non-contact mode with a 
silicon cantilever (NanosensorsTM PPP-NCHR) and XEP software was 
used for surface roughness analysis after the recorded images are 
modified with an X and Y plane auto-fit procedure. For each condition, 




sample. The samples roughness (Rrms) and standard deviations are the 
average of the obtained values.  
 
7.7. Optical reflectance spectroscopy (OPS) 
Lastly by measuring the spectral reflectance of the coating, its 
thickness following the surface modification process can be 
determined. OPS determines the thickness of the coating by using the 
interference pattern between the reflected light beam from the coating 
surface and the substrate, then the resulting spectra undergoes curve 
fitting in order to obtain the thickness [197, 198]. Coating thickness is 
measured before and after surface modification by plasma or UV 
polymerizations e.g. while varying the treatment time in order to 
determine the deposition rate [65].  
In this thesis, to determine the thickness of the deposited coatings 
and as a means to evaluate their stability, OPS measurements were 
conducted on PET films using a Filmetrics F20 device. PET was 
chosen over UHMWPE as a substrate for two reasons: firstly, because 
of its good reflective properties and secondly, because of its low 
natural roughness (≈ 10 nm). Measurements were conducted on 2 
samples per condition with 10 measuring spots per sample moving 
parallel to the gas inlet in a straight line from one end of the sample 
to the other. Thickness values were the average of all measured spots 
and were subsequently used to determine the deposition rate for some 
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The results of chapter 8 were published in the following international peer-reviewed 
journal: 
G. Aziz, P. Cools, N. De Geyter, H. Declercq, R. Cornelissen, R. Morent  
DBD plasma treatment of UHMWPE in different discharge atmospheres at medium 
pressure: a cell-biomaterial interface study 





Since the interactions between the biological environment and 
biomaterials take place on the material surface, the biological 
responses to biomaterials and devices are largely controlled by their 
surface chemistry (surface functional groups and their density) and 
topography. A complete understanding of cell-biomaterial interactions 
is further hindered by the fact that similar surface properties of 
different biomaterials lead to different trends in cell-biomaterial 
interactions. Moreover, different cell types respond differently to 
similar surface properties [199-204]. 
In this study, non thermal plasma activation of ultra-high molecular 
weight polyethylene (UHMWPE) is performed in different discharge 
atmospheres (helium, nitrogen, argon, air) using a parallell-plate 
dielectric barrier discharge reactor at medium pressure. The main 
advantages of using a parallel-plate DBD are the ease of formation of 
a stable discharge, their high efficiency and easy scalability [98, 205, 
206]. Using a variety of plasma discharge atmospheres, different 
surface chemistries can be achieved; simultaneously, it is possible to 
promote some surface etching which can induce changes in surface 
nm-topography [207-209]. 
Obtained samples are characterized via water contact angle, X-ray 
photoelectron spectroscopy and atomic force microscopy. Plasma 
treatments effects on the samples’ surface chemical and physical 
characteristics were investigated. The influence of post plasma 
sterilization processes (ethanol rinsing/ UV exposure) on the plasma 
treatment effects were also studied. In-vitro evaluation of 
biocompatibility was carried out by studying human foreskin 
fibroblast interaction with untreated and plasma treated surfaces.  
 
8.2. Experimental conditions 
 
DBD electrical characterization was performed via current-voltage 
waveforms. Figure 8.1 shows the current-voltage waveforms of the air 
DBD operating at 50 mbar. Similar current-voltage waveforms were 
obtained for the other used plasma atmospheres (not shown here). As 




discharge current consists of numerous short peaks. Each peak 
corresponds to a series of microdischarges and therefore, one can 
conclude that the used DBD operates in the filamentary mode. 
For each plasma treatment, energy density was determined by the 
formula: 
Energy density (J/cm2) = (t (s) * P (W)) / S (cm2)   (8.1) 
 
where t is the plasma exposure time, P the plasma power and S the 
area of the electrodes. 
Plasma powers were calculated from the registered Lissajous figures 
[210] (an example is shown in figure 8.2 for air plasma treatment) and 
are constant for each plasma discharge (1.2, 11.3, 1.2, and 9.0 W for 
helium, nitrogen, argon and air plasma discharges respectively). The 
discharge power was not the same for the different plasma 
atmospheres, since electrical breakdown in helium and argon occurs 
at lower voltages compared to the breakdown in air and nitrogen. The 
area of the electrodes is constant for all treatments and is equal to 
12.56 cm2. For all four plasma discharges, different samples were 
prepared while varying plasma exposure time (treatment times varied 
between 0 and 75, 60, 65 and 30 s for air, nitrogen, helium and argon 
plasma treatments respectively). 
 
Figure 8.1. Current-voltage waveform of the air DBD operating at 





Figure 8.2. Voltage-versus-charge (Lissajous figure) of the air DBD 
operating at medium pressure (50 mbar) 
 
8.3. Results and discussions 
As already mentioned, the hydrophobic nature of most polymers (e.g. 
UHMWPE) limits their application areas. Tailoring the surface 
chemistry and structure in the top-most polymer layers by plasma is 
an attractive way to overcome these complications [103, 211-213]. 
Plasma contains a large variety of active species which can be 
classified into chemically reactive species (i.e. radicals, ions) and non-
reactive species (i.e. photons, electrons, non-reactive ions and non-
reactive excited atoms and molecules). The active species are able to 
etch the polymer surface, add atoms to it and/or result in a cross-
linking of the polymer chains [214, 215].  
8.3.1. WCA 
Figure 8.3 shows the evolution of the UHMWPE contact angles as a 
function of energy density after plasma treatments in helium, argon, 
air and nitrogen; the obtained standard deviations for each sample 
are represented by error bars.  
As different discharge powers were used for the different plasma 
atmospheres, treatment time has been used to calculate the energy 
density (see equation (8.1)) in order to compare the effect of the 
discharge gases.  
As can be observed in figure 8.3, the contact angle of the UHMWPE 
film is found to decrease from 99° for the untreated sample to the 




density of 40.6, 5.3, 1.7 and 7.2 J/cm2 after nitrogen, helium, argon 
and air plasma treatments respectively. However, when the energy 
density is increased above these values, the water contact angle does 
not change anymore indicating that after a well determined treatment 
time plasma no longer has an effect on the wettability of the 
UHMWPE film and a saturation region is reached. One should take 
into consideration that for short treatment times, the WCA decrease 
in the case of nitrogen and air plasma treatments is much more 
pronounced compared to the decrease in helium and argon plasmas. 
For the former two plasma atmospheres, higher energy densities lead 
to an extra decrease in WCA which corresponds to the saturation 
region. 
The wettability of the polymer surface is thus enhanced in every case 
by the plasma treatment since the WCA decreases with plasma 
treatment time i.e. energy density. This is caused by the incorporation 
of polar groups via plasma onto the samples’ surface; the polar groups’ 
density increases with respect to the duration of the plasma treatment 
























Figure 8.3. Water contact angles as a function of energy density for a) 
air and nitrogen plasma treated UHMWPE samples and b) helium 
and argon plasma treated UHMWPE samples  
 
8.3.2. XPS results 
8.3.2.1. Plasma treatments 
Polar group incorporation onto UHMWPE and the resulting different 
surface chemistries following various treatments were confirmed by 
XPS. Table 8.I shows the atomic composition of the UHMWPE films 
before and after plasma treatment. For all plasma atmospheres, XPS 
measurements were performed on plasma treated samples with an 
energy density greater than or equal to the ones corresponding to the 
lowest WCA values, meaning that all plasma treated samples were 
saturated. Moreover, for air plasma, treatments with different energy 
densities were conducted. For simplification purposes, air plasma 
treatments will be referred to as air plasma (1), (2) and (3) for 











%C %O %N O/C N/C 
Untreated 99.2 0.8 0.0 0.008 0.000 
Helium plasma 
(5.7 J/cm2) 
83.7 16.2 0.0 0.193 0.000 
Nitrogen plasma 
(40.6 J/cm2) 
74.1 12.6 13.2 0.170 0.178 
Argon plasma 
(2.3 J/cm2) 
81.9 18.0 0.0 0.219 0.000 
Air plasma (1) 
(10.7 J/cm2) 
81.6 18.3 0.0 0.224 0.000 
Air plasma (2) 
(0.4 J/cm2) 
91.6 8.4 0.0 0.091 0.000 
Air plasma (3) 
(2.9 J/cm2) 
84.0 16.0 0.0 0.190 0.000 
*Atomic compositions’ standard deviations can be found in table 8.III 
The XPS results show that the untreated sample contains only a 
small fraction of oxygen, which was probably incorporated during the 
production process, and that all plasma treatments lead to the 
incorporation of oxygen functional groups into the samples’ surfaces. 
After nitrogen, helium, argon, and air plasma treatment (1), the O/C 
atomic ratio increases from 0.008 to 0.170, 0.193, 0.219, and 0.224 
respectively. All plasma treatments in the saturation zone incorporate 
almost the same amount of oxygen functional groups. However, before 
reaching the saturation region, plasma treatment in air with different 
energy densities yields different O/C ratios. When the energy density 
increases from 0.4 to 2.9 J/cm2, the O/C ratio also increases from 0.091 
to 0.190 and up to 0.224 in the saturation region (10.7 J/cm²). 
Moreover, nitrogen plasma introduces more than 13% of nitrogen 
functionalities on the UHMWPE surface resulting in an N/C atomic 
ratio of 0.178. 
The above XPS results show that all plasma atmospheres lead to the 
incorporation of oxygen containing functionalities onto the UHMWPE 




due to the presence of excited molecular oxygen species, atomic 
oxygen and ozone. Oxygen functionalities could also be introduced due 
to residual air in the discharge chamber and by post plasma oxidation 
of surface free radicals which are mostly created by abstraction of 
hydrogen from the polymer backbone during plasma treatment. This 
explains the presence of oxygen on the polymer surface in nitrogen, 
helium and argon discharges. Moreover, in the case of nitrogen 
plasma treatment, nitrogen functionalities are also incorporated onto 
the polymer surface via excited molecular and atomic nitrogen species 
[218, 219]. 
To obtain further insight into the different chemical bonds present on 
the surface of the samples, curve fitting of the high resolution C1s 
peak was performed. Figure 8.4 shows the C1s peak of the UHMWPE 
films before and after plasma treatment; argon plasma treatment was 
chosen as an example. As shown in figure 8.4, following plasma 
treatment, large changes in the C1s peak can be seen. The C1s profile 
can be deconvoluted into 4 components: 285.0 ± 0.1 eV (peak A) 
corresponding to C-C/C-H bonds, 286.4 ± 0.1 eV (peak B) due to C-
O/C-N functional groups, 287.7 ± 0.1 eV (peak C) corresponding to 
C=O bonds and 289.1 ± 0.1 eV (peak D) which can be attributed to O-
C=O groups [138, 220, 221]. Table 8.II shows the numerical values of 














Figure 8.4. High-resolution C1s peaks of (a) untreated and (b) argon 
plasma treated UHMWPE  
 






























83.6 ± 0.7 7.2 ± 0.5 4.7 ± 0.4 4.3 ± 0.5 
Argon plasma 
(2.3 J/cm2) 
85.6 ± 2.4 8.7 ± 1.5 2.7 ± 0.4 2.8 ± 0.6 
Air plasma (1) 
(10.7 J/cm2) 




Air plasma (2) 
(0.4 J/cm2) 
94.9 ± 1.7 4.1 ± 1.2 0.6 ± 0.3 0.2 ± 0.1 
Air plasma (3) 
(2.9 J/cm2) 
86.8 ± 2.0 7.4 ± 1.0 2.3 ± 0.5 3.3 ± 0.9 
 
As seen in table 8.II, curve fitting of the C1s peak for all plasma 
treatments in the saturation region shows approximately the same 
chemical bond percentage on the samples’ surfaces. But one should 
keep in mind that with nitrogen plasma treatment a different 
elemental composition, due to nitrogen incorporation, is obtained and 
thus different bonds are present. As expected, for the air plasma 
treatment (3) conducted just outside of the saturation region, one can 
see similarities in chemical bonds percentages with the other 
treatments; which can be linked back to the close WCA values 
obtained for this and the air (1) plasma treatments (57.8° vs. 53°). 
However, a certain difference in chemical structure is observed for the 
air plasma treatment (2) which is conducted at a very low energy 
density; significant differences in mean values can be observed 
between this short treatment and the other longer treatments.  
8.3.2.2. Sterilization methods 
After treatment, in order to investigate the effect of the subsequent 
sterilization processes on the surface chemical structure of the plasma 
treated samples, XPS analyses were conducted. Table 8.III shows the 
XPS results of the plasma treated samples before and after 














Table 8.III. Atomic composition of plasma treated UHMWPE samples 
before and after sterilization by ethanol rinsing and UV irradiation 










83.7 ± 0.6 % C 
16.2 ± 0.6 % O 
86.8 ± 0.5 % C 
13.2 ± 0.5 % O 
82.5 ± 0.9 % C 
17.4 ± 0.9 % O 
Nitrogen plasma 
(40.6 J/cm2) 
74.1 ± 0.4 % C 
12.6 ± 0.6 % O 
13.2 ± 0.1 % N 
83.8 ± 1.2 % C 
10.6 ± 0.4 % O 
5.5 ± 1.4 % N 
74.9 ± 1.4 % C 
14.9 ± 0.7 % O 
10.1 ± 1.0 % N 
Argon plasma 
(2.3 J/cm2) 
81.9 ± 0.8 % C 
18.0 ± 0.8 % O 
88.4 ± 1.3 % C 
11.5 ± 1.3 % O 
85.0 ± 0.5 % C 
15.0 ± 0.5 % O 
Air plasma (1) 
(10.7 J/cm2) 
81.6 ± 0.8 % C 
18.3 ± 0.8 % O 
89.9 ± 0.5 % C 
10.1 ± 0.5 % O 
83.2 ± 2.1 % C 
16.8 ± 2.1 % O 
 
As seen in table 8.III, both types of sterilization cause changes in the 
chemical composition of the plasma treated samples. Nevertheless, 
ethanol rinsing induces much more changes onto the samples surface 
chemical composition than UV sterilization; low molecular weight 
oxidized species formed during plasma treatments are dissolved 
during the rinsing process [222]. For plasma treatments in helium, 
nitrogen, argon and air (1), ethanol rinsing leads to a decrease in 
oxygen percentage by approximately 3%, 2%, 6.5%, and 8.2% 
respectively. And in the case of nitrogen plasma, a 7.7% decrease in 
the mean value of nitrogen percentage is also observed. Yet, in the 
case of UV sterilization, the atomic percentage variations are much 
lower and mean values vary from 1.2% to a maximum of 3.0% in the 
case of oxygen and by only 3.1% in the case of nitrogen. 
Furthermore, a detailed XPS study has also been conducted for the 
sterilized samples. Table 8.IV shows the chemical bonds percentages 
on the plasma treated samples before and after sterilization by 







Table 8.IV. Chemical bonds percentages of plasma treated samples 
before and after sterilization 
Treatment 
(Sterilization) 























86.6 ± 0.1 9.7 ± 1.0 2.0 ± 0.3 1.7 ± 0.1 
Helium plasma 
(UV exposure) 








89.8 ± 0.2 5.7 ± 0.4 2.5 ± 0.5 1.9 ± 0.3 
Nitrogen plasma 
(UV exposure) 








92.0 ± 2.1 5.1 ± 0.9 1.6 ± 1.2 1.2 ± 0.4 
Argon plasma 
(UV exposure) 








94.7 ± 0.1 3.1 ± 0.6 1.5 ± 0.7 0.6 ± 0.2 
Air plasma 
(UV exposure) 





As seen in Table 8.IV, in the case of ethanol sterilization, big changes 
(up to 8.8%) in the chemical bonds concentrations were observed 
between the sterilized and the non-sterilized samples. But, in the case 
of UV sterilization, only very small variations (less than 1%) in 
chemical bonds concentrations were obtained, which is in agreement 
with the previously shown atomic composition of the samples. 
The investigation of UV irradiation/ ethanol rinsing processes and 
their effect on the surface properties of the plasma treated samples 
was performed to determine which sterilization method has the least 
influence on the surface chemistry. The obtained results showed that 
in this aspect, the UV treatment has the most potential to sterilize 
UHMWPE; hence, this method was used as subsequent sterilization 
process before proceeding to cell culture experiments. We should also 
mention that, for UV sterilization study, samples were exposed to UV 
for 1 hour in order to see more clearly its effect on the samples’ 
surface chemical composition. Since the actual UV sterilization 
performed before cell culturing is 30 min long, the obtained UV effect 
on the sample is even smaller. 
8.3.3. AFM results 
In order to evaluate the plasma effect on the polymer topography, 
surface roughness was determined via AFM measurements. Figure 
8.5 shows an example of the obtained AFM images for untreated and 
argon plasma treated UHMWPE.  
Changes in morphology of the plasma treated UHMWPE samples 
were quantified by root mean square roughness values (Rrms). These 






Figure 8.5. AFM images of (a) untreated, and (b) argon plasma 


















Untreated 88.3 ± 2.4 
Helium plasma 
(5.7 J/cm2) 
59.0 ± 5.7 
Nitrogen plasma 
(40.6 J/cm2) 
112.6 ± 4.5 
Argon plasma 
(2.3 J/cm2) 
107.3 ± 7.5 
Air plasma (1) 
(10.7 J/cm2) 
165.2 ± 4.5 
Air plasma (2) 
(0.4 J/cm2) 
103.3 ± 6.0 
Air plasma (3) 
(2.9 J/cm2) 
108.0 ± 7.1 
 
As shown in both figure 8.5 and table 8.V, plasma treatment 
significantly alters the surface morphology of the UHMWPE films. 
Nitrogen, argon and air plasma treatments increase the surface 
roughness of the film; this increase is most pronounced after air 
plasma treatment (1). Helium plasma treatment results in a decrease 
of the surface roughness of the film, making it significantly smoother. 
In fact, during the different treatments, plasma etching can proceed 
simultaneously through three mechanisms: chemical etching by 
chemical reaction of reactive plasma species with the surface, physical 
etching by ion bombardment causing sputtering of the surface and UV 
assisted etching. The etching rate for a given polymer can vary 
considerably with changes in the plasma treatment conditions. 
Probably, the most important discharge parameter is the type of gas 
(etchant) used [223]. In the obtained results, it is shown that all 
plasma discharges except helium lead to an increased surface 
roughness. This effect on roughness has also been observed by Chiper 
et al. [224]. Moreover, results showed that air plasma considerably 
etches the UHMWPE surfaces resulting in higher roughness values. 




etchants. This high reactivity is due to the reaction of atomic oxygen 
with the polymer surface, which is the starting point for the etching 
process leading to a more pronounced etching effect [223]. 
The obtained roughness values (AFM) and surface atomic 
compositions (XPS) can be correlated back to the various WCA values 
obtained for the different treatments. Due to their polar nature, the 
higher the oxygen and nitrogen percentages the lower the WCA. 
However, if we compare helium plasma treatment to the others, we 
can see that a lower WCA value than was expected is reached for 
lower oxygen percentages; this is due to the lower roughness induced 
by this treatment [225]. 
8.3.4. Cell studies 
8.3.4.1. Cell adhesion 
Figure 8.6 shows the cell viability after a 1 day cell adhesion in 
function of plasma treatment. As it can be seen, all treated samples 
show an improvement in cell attachment compared to the untreated 
one. If we consider the standard deviations for the treatments 
represented by the error bars, there is no significant difference in the 
behavior of the different plasma treated surfaces towards initial cell 
adhesion. 
 
 Figure 8.6. Cell viability percentage after a 1 day cell adhesion test 
(100 000 cells/ml medium) for untreated and plasma treated 





8.3.4.2. Cell proliferation 
Figure 8.7 shows the results of the cell proliferation assay after 1 and 
7 days of culturing. After a 7 days culture, the plasma treated samples 
greatly improve the HFF-1 cell proliferation rate compared to the 
untreated one. Taking into account the relatively high standard 
deviation values, we see that all plasma treatments show a quite 
similar behavior towards cell proliferation with a slightly higher cell 
proliferation on argon plasma treated UHMWPE. 
 
 Figure 8.7. Cell viability percentage after a 1 and 7 days cell 
proliferation test (40 000 cells/ml medium) for untreated and plasma 
treated UHMWPE samples 
 
As mentioned earlier, surface chemical structure and surface 
roughness have a big influence on the interaction between cells and 
the materials’ surface. These two surface properties predefine the 
surface wettability given by the WCA value. It is widely accepted that 
surface wettability greatly affects cell attachment and growth [203, 
226]. Therefore, cell viability results after the 7 days proliferation test 
have been replotted against WCA for all treated and untreated 





Figure 8.8. Variation of cell viability with WCA for untreated and 
plasma treated UHMWPE samples 
 
In figure 8.8, cell viability is roughly seen to initially increase with 
WCA before reaching an optimum around 52° (argon plasma 
treatment); the lowest cell viability is obtained for the untreated 
sample (WCA = 99°). Surface hydrophilicity is thus seen to increase 
cell viability in comparison to hydrophobicity; this has also been seen 
in a study conducted by Zhu et al. [227] for argon plasma treated 
chitosan films. In the tested WCA range and taking into account the 
different surface chemistries and topographies induced by each 
treatment, one cannot draw a definitive conclusion as to the relation 
between WCA value of the hydrophilic surface and its cell affinity.  
8.3.4.3. Cell morphology 
In order to see morphological differences between the fibroblasts on 
untreated and plasma treated UHMWPE, micrographs and SEM 
images have been taken. Figures 8.9 and 8.10 show the micrographs 
and SEM images corresponding to cells cultured on untreated and 
argon plasma treated UHMWPE films after 7 days of culturing, 
respectively. Cells cultured on the other plasma treated samples 
(micrographs and SEM images not shown here) show a similar 





Figure 8.9. Micrographs of fibroblasts cultured on a) untreated and b) 






Figure 8.10. SEM images of fibroblasts cultured on a) untreated and 
b) argon plasma treated (2.3 J/cm2) UHMWPE 
Figure 8.9 shows a higher density of cells on all modified surfaces in 
comparison to plain UHMWPE. The micrographs of untreated and 
plasma treated UHMWPE also show round and extended shaped cells 
respectively. This is further observed with SEM imaging (figure 8.10) 
were cells seeded on plasma treated UHMWPE displayed normal 
elongated morphology with characteristic dendritic digitations 
whereas cells seeded on untreated UHMWPE displayed a round-
shaped morphology with noticeably less dendritic digitations. 
In general, extended shape cells and cell spreading indicate good cell-
contacting properties and cell activity, while rounding up of cells on a 
substrate is a sign of weak cell-material interaction, which often leads 
to cell death [192]. Cell morphology investigations confirm the 
improved cell attachment on the plasma treated samples compared to 





Non-thermal plasma treatments in different discharge atmospheres 
(helium, nitrogen, argon, air) are effective for inducing chemical and 
physical changes onto UHMWPE surfaces. Active species in the 
plasma lead to surface incorporation of polar functional groups 
(various oxygen and nitrogen functionalities) and changes in surface 
nm-morphology. An investigation on post plasma sterilization for cell 
culture purposes showed that UV exposure is more adequate 
compared to ethanol rinsing since it causes fewer alterations in the 
induced surface chemical composition of the plasma treatment. Cell 
tests were conducted using human foreskin fibroblast cells; cell test 
results showed that all plasma treatments greatly enhance cell 
viability on UHMWPE; this is caused by the increased wettability on 
these samples. No direct correlation between surface chemical 
composition/ surface topography and its cell interaction behavior was 
found. However, among the different plasma treatments, argon 
plasma treatment yielding a WCA of 52° showed the highest 
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Incorporation of amine moieties onto ultra-high molecular weight polyethylene 
(UHMWPE) surface via plasma and UV polymerization of allylamine 





In the fields of medicine and biotechnology, many products are 
completely or partly made of polymers [35, 228]. UHMWPE is the 
most widely used polymeric material for articulation because it has a 
low coefficient of friction, is wear resistant and relatively inert in the 
body. However, in contact with biological systems, compatibility of 
polymers is not always given. Other than not being optimal for cell 
adhesion and proliferation, UHMWPE also suffers from wear in the 
long-term. The hydrophobic nature of UHMWPE limits the ability of 
synovial fluid constituents to interact with and lubricate the implant 
surface. Surface chemistry modification of UHMWPE in order to be 
better lubricated in the joint is therefore quite important in order to 
reduce its friction and help increase its longevity.   
In this study, allylamine was plasma, post-irradiation grafted and UV 
polymerized onto UHMWPE surface to improve its cell adhesion and 
proliferation properties as well as to increase its wettability. For 
plasma polymerization, two plasma modes were used: continuous 
wave mode (CW) and pulsed mode. The effect of the various processes 
and process parameters on the physical and chemical properties of the 
deposited allylamine coatings was evaluated using water contact 
angle measurements (WCA), X-ray photoelectron spectroscopy (XPS), 
Fourier transform infrared spectroscopy (FTIR), optical reflectance 
spectroscopy (OPS) and atomic force microscopy (AFM). Stability and 
ageing tests for a 7 days period were also investigated. Moreover, cell 
tests using human foreskin fibroblasts were performed and 
evaluations were conducted after 1 and 7 days of culturing. 
9.2. Experimental conditions 
As already mentioned, plasma was used in the continuous wave (CW) 
and in the pulsed mode (see equations 1.1 and 1.2). 
In the CW mode (P = 17.7 W), plasma was turned on for 2 min. In the 
pulsed mode (Ppeak = 17.7 W), two conditions were used: pulse 1 and 
pulse 2. For pulse 1, ton = 60 s, toff  = 60 s and Pmean = 8.9 W; for pulse 2, 





9.3. Results and discussion 
9.3.1. WCA 
Table 9.I shows the WCA values of untreated, allylamine plasma (CW 
mode, pulse 1, pulse 2) treated, post-irradiation grafted and UV 
treated UHMWPE. As can be seen, the WCA of UHMWPE decreases 
from 99° for the untreated sample to significantly lower values after 
the different treatment procedures. The wettability of the polymer 
surface is thus increased in every case; this is due to the incorporation 
of polar groups (nitrogen and oxygen functionalities) after each 
process. Table 9.I also shows that the decrease in WCA is distinctly 
different among the different treatments which indicates that 
allylamine polymerization via different processes or a change in 
process parameters leads to different surface chemical and physical 
characteristics. 
Table 9.I. WCA of untreated, allylamine plasma, post-irradiation graft 
and UV coated UHMWPE 
 WCA (°) 
Untreated UHMWPE 99.0 ± 1.0 
CW mode 55.4 ± 3.4 
Pulse 1 28.3 ± 2.7 
Pulse 2 43.0 ± 4 
Post-irradiation grafting 34.9 ± 3.6 
UV 4.9 ± 4.0 
 
9.3.2. XPS 
Polar group incorporation onto UHMWPE and the resulting different 
surface chemistries following various treatments can be confirmed by 
XPS. Table 9.II shows the atomic composition of the UHMWPE films 
before and after the different applied treatments. XPS results show 
that the untreated sample contains only a small fraction of oxygen 
which is probably caused by some oxygen containing impurities 
present on the sample surface. As it can be seen, after treatment, all 
plasma and UV treatments lead to the incorporation of nitrogen and 
oxygen in different percentages onto the samples surfaces.  
During plasma treatments, oxygen functionalities can be incorporated 




total absence of oxygen impurities in the plasma chamber [132, 229]. 
Second, after plasma treatment, samples are exposed to air which can 
induce a post plasma functionalization by reaction with oxygen and 
water vapor [132, 230].  
Surface oxygen percentages are found to be the highest for UV 
treatment. This is due to the fact that during UV treatment, 
Irgacure2959 (oxygen atomic composition = 25%) is used; moreover, 
the UV treatment is performed at ambient atmosphere which will 
lead to more CO2 and H2O surface adsorption. 
Surface nitrogen percentages are the lowest in the case of post-
irradiation grafting and UV treatments. For post-irradiation grafting, 
radicals formed during UHMWPE plasma activation initiate the 
allylamine polymerization; but since the monomer is not subjected to 
plasma its reactivity is much lower and thus does not polymerize as 
fast which leads to a lower nitrogen percentage. For UV treatment, 
the sample is soaked in allylamine + Irgacure2959 solution then 
exposed to UV. Nitrogen percentage is thus dependent on the 
adsorption behavior of allylamine which is diluted in an acetone 
solution and is further diminished by Irgacure2959 adsorption. Since 
allylamine and acetone are both polar, the solubility of allylamine in 
acetone is significant: solubility in the sense of the chemical 
compatibility between the two substances. This is why allylamine 
adsorption to non-polar UHMWPE is rather low which leads to a low 
nitrogen percentage. During allylamine UV polymerization, 
Irgacure2959 absorbs the UV light which leads to its fragmentation 
and thus the formation of radicals. These radicals initiate the 
polymerization. After treatment, a layer containing primary amines 
will thus be formed on top of the UHMWPE.  
For the different plasma treatments, we notice that the higher the 
power the lower the nitrogen percentage is. Plasma polymerization in 
the CW mode with the highest power (P= 17.7 W) shows the lowest 
nitrogen percentage (%N = 16.2) and plasma polymerization in pulse 1 
mode with the lowest power (Pmean= 8.9 W) shows the highest nitrogen 
percentage (%N= 19.9). This is due to the fact that at higher power 
the monomer fragments more which leads to a higher loss of the 




In the case of plasma polymerization, a high nitrogen percentage 
detected by XPS does not necessarily impart a high percentage of 
primary amines. During plasma polymerization, the monomer 
undergoes reorganization due to the breakage and the recombination 
of bonds. Amine groups are partially transformed into amide, imine or 
nitrile functional groups [91, 122]. Moreover, some radicals could 
react with oxygen during or after treatment which leads to the 
formation of hydroxyl groups. After treatment, a layer containing 
several nitrogen and oxygen functionalities will be formed on top of 
the UHMWPE. However, as already mentioned, for post-irradiation 
grafting the monomer is not subjected to plasma and thus will not 
fragment. After treatment, a layer containing primary amines as well 
as oxygen functionalities will be formed on top of the UHMWPE. 
Table 9.II. Atomic composition of untreated, allylamine plasma, post-
irradiation graft and UV coated UHMWPE 
 %C %O %N 
Untreated 
UHMWPE 
99.2 ± 0.1 0.8 ± 0.1 0.0 ± 0.0 
CW mode 
(P= 17.7 W) 
70.2 ± 0.6 13.5 ± 0.8 16.2 ± 1.0 
Pulse 1 
(Pmean= 8.9 W) 
68.0 ± 1.4 12.0 ± 1.1 19.9 ± 0.8 
Pulse 2 
(Pmean= 11.8 W) 
70.7 ± 0.6 10.7 ± 0.7 18.5 ± 0.2 
Post-irradiation 
grafting 
77.5 ± 0.9 15.8 ± 1.2 6.7 ± 0.3 
UV 65.6 ± 1.1 26.8 ± 0.5 7.4 ± 0.7 
9.3.3. FTIR 
Plasma and UV treated samples were also all characterized via FTIR 
spectroscopy. Figures 9.1 and 9.2 show stacked FTIR spectra of pure 
allylamine, untreated UHMWPE and UHMWPE with post-irradiation 
graft and CW mode plasma polymerization respectively. Spectra of 
plasma pulsed polymerizations (not shown here) were similar (same 
peak positions) to the one for CW mode plasma. For UV 
polymerization, FTIR spectra (not shown here) showed various 
overlapped peaks of polyallylamine and Irgacure2959 which made it 





Figure 9.1. FTIR spectra of untreated UHMWPE (blue), allylamine 




Figure 9.2. FTIR spectra of untreated UHMWPE (blue), allylamine 






FTIR spectra interpretations are based on the assignment of the 
different nitrogen functionalities for allylamine plasma 
polymerization found in literature [122, 131, 153]. In figures 9.1 and 
9.2, peaks at 2919, 2850, 1467 and 719 cm-1 correspond to the 
substrate (UHMWPE). Double peaks of primary amine N-H stretching 
vibration visible at 3367, 3295 cm-1 on the spectra of the monomer 
convert into a wide absorption band on the polymer’s spectra which 
can originate from a primary amine or a hydroxyl functional group in 
the case of post-irradiation grafting and primary amine, secondary 
amine, amide, imine or hydroxyl in the case of plasma polymerization. 
For plasma polymerization, the deformation vibration of primary 
amines 1540-1650 cm-1 is observed in both monomer and polymer 
spectra, but is considerably broadened in the spectrum of the polymer. 
This indicates the presence of alkene, amide or imine groups. In the 
case of post-irradiation grafting, a less intense broad peak near 1640 
cm-1 is observed which indicates the presence of alkene groups. This 
could originate from some unreacted monomers trapped in the 
polymer chains taking into account the relatively short polymerization 
time. A new band appears for the plasma polymer near 2200 cm-1 
which is associated with the stretching vibration of nitrile (C≡N) 
groups. Furthermore, the monomer spectra shows 2 peaks at 910, 995 
cm-1 which correspond to the deformation vibration of (=C-H) alkene 
group; these peaks disappeared in the case of the plasma polymer 
which confirms the polymer formation and are still somewhat visible 
in the case of post-irradiation grafting which confirms the presence of 
unreacted allylamine in the polymer chains. 
9.3.4. OPS 
Various plasma treatments with various process parameters e.g. 
treatment time and power have a large impact on the nature and the 
concentration of the molecular species formed in the reactor which in 
turn influences significantly the final atomic composition of the 
deposited layers; this has already been observed by WCA, XPS and 
FTIR characterizations. Additionally, different plasma treatments can 
have a significant influence on the deposition rate. Therefore, for the 
plasma polymerized samples, the thickness of the deposited layers 
was determined via optical reflectance spectroscopy. In order to 
determine the effect of plasma treatment time on the thickness, 




shows the evolution of the coating thickness as a function of plasma 
treatment time. As can be seen, coating’s thickness increases with 
increasing plasma exposure time and can thus be controlled by 
controlling plasma time which is quite important for many 
applications including biomedicine. Similar thickness vs plasma time 
behavior was observed by Martin et al [128] and Myung et al [122]. In 
order to determine the effect of plasma power on the thickness, OPS 
measurements were also conducted on samples plasma polymerized in 
the pulsed mode. Figure 9.4 shows the evolution of coating thickness 
as a function of plasma power. As can be seen, coating’s thickness 
increases with increasing plasma power. This is due to higher plasma 
density and thus increased deposition efficiency at higher power 
value. Similar thickness vs plasma power behavior has been observed 
by Myung et al [122] and Lucas et al. [126].  
 
Figure 9.3. Thickness of plasma deposited layers as function of plasma 







             
Figure 9.4. Thickness of plasma deposited layers as function of plasma 
treatment power 
9.3.5. AFM 
In order to determine the effect of each treatment on the surface 
morphology of the deposited layers, AFM measurements were 
conducted. Table 9.III shows the roughness of an UHMWPE film 
before and after plasma (CW mode, pulsed mode, post-irradiation 
grafting) and UV treatments. Changes in morphology were quantified 
by root mean square roughness. As shown in table 9.III, after plasma 
polymerization, roughness increases from 88.3 nm in the case of 
untreated UHMWPE to approximately 140 nm for all 3 plasma 
polymerization treatments. However, after post-irradiation graft and 
UV polymerizations roughness decreases and reaches 68.6 and 4 nm 
respectively. 





Untreated 88.3 ± 2.4 
CW mode 141.3 ± 4.7 
Pulse 1 141.0 ± 16 
Pulse 2 138.0 ± 15 
Post-irradiation grafting 68.6 ± 7.5 






The increase in surface roughness seen after plasma polymerization is 
due to the etching effect of plasma. In fact, the deposition of a film 
relies on a dynamic equilibrium between a process of deposition and a 
process of sputtering by incoming particles from the plasma. 
Electrons, ions and radicals formed in the plasma bombard the 
sample surface and cause some material removal. 
For post-irradiation grafting, the plasma medium is He. After plasma 
activation, the roughness of UHMWPE decreases to reach 59.0 nm. 
He plasma discharge is known to have only a little etching effect [224, 
231]. Afterwards, polymer deposition only caused a small increase of 
roughness. For UV treatment, roughness considerably decreased 
which indicates the formation of a smooth polymer layer on top of the 
UHMWPE film. 
As already mentioned before, surface chemical and physical 
characteristics affect the WCA value. In fact, the WCA value depends 
on the surface polarity (XPS, FTIR) and the surface roughness (AFM). 
The more polar [134] and/or the rougher [134, 232] the surface is, the 
lower the WCA will be.  
A comparison between the different obtained WCA values subsequent 
to the various used processes (plasma polymerization, post-irradiation 
grafting and UV polymerization) is somehow hindered by the fact that 
different functionalities are formed in various undetermined 
proportions. However, a comparison is possible for the different 
plasma polymerization treatments (pulse 1, pulse 2 and CW) where 
we see that for approximately the same roughness value (140 nm), the 
WCA value decreases when %N increases (tables 9.I and 9.II).  
9.3.6. Stability and ageing tests 
After characterizing the deposited layers via all different 
characterization techniques, stability and ageing tests were 
performed. Figure 9.5 shows stacked FTIR spectra of a freshly 
prepared CW plasma polymerized sample, with the ones obtained 
after stability and ageing tests. We can see that the spectrum of a 
freshly prepared sample is quite similar to those after stability and 
ageing tests. FTIR spectra of samples prepared using the other 





Figure 9.5. FTIR spectra of freshly prepared (Red), after stability test 
(Blue) and after ageing test (Purple) CW plasma polymerized samples 
 
The observed similarities between the FTIR spectra of the different 
samples indicate that the obtained coatings are more or less stable 
during the 7 days period of soaking and storage; stability being a very 
important parameter when it comes to implants. 
9.3.7. Cell tests 
Finally, to accomplish biocompatibility studies, cell tests were 
performed on the untreated and treated samples. Figure 9.6 shows 
the percentage of cell viability as a function of plasma and UV 
treatments after 1 and 7 days culture. If we consider the standard 
deviation for the treatments represented by the error bars, after 1 day 
culture, better cell viability was observed on the plasma polymerized 
samples compared to post-irradiation graft and UV polymerized 
samples. This can be explained by the lower percentage of nitrogen 
obtained after post-irradiation grafting and UV treatments (table 
9.II). Actually, Webb et al. [152] and Steele et al. [233] found that 
nitrogen groups rather than others are favorable for the 
immobilization of adhesive proteins promoting initial cell adhesion. 
After 7 days culture, cell viability was comparable for all treatment 
methods. Nevertheless, a higher density of cells was observed on all 




In order to see morphological differences between fibroblasts on an 
untreated and a plasma treated film, micrographs have been taken. 
Figure 9.7 shows the micrographs corresponding to the cells cultured 
on untreated and CW plasma treated UHMWPE film after 7 days 
culture. Cell cultured on the other treated samples (micrographs not 
shown here) show a similar behavior as in the case of CW plasma 
treated UHMWPE. As we can see, the micrograph of untreated 
UHMWPE shows retracted round shaped cells. However, for 
UHMWPE treated via CW, pulse 1, pulse 2, post-irradiation grafting 
and UV, cells show an extended morphology. The obtained 
micrographs thus confirm the increased cell viability on the plasma 
treated samples compared to the untreated one.  
 
Figure 9.6. Cell viability percentage after 1 and 7 days cell 










Figure 9.7. Overall cell morphology of fibroblasts cultured on a) 
untreated and b) CW plasma treated UHMWPE 
Since wettability [203, 226] and the presence of certain functional 
groups such as primary amine functions [148] are supposed to support 
cell adhesion and proliferation, these results correlate well with the 
chemical and physical characteristics of the deposited layers. Actually, 
not only primary amines, but different nitrogen and oxygen 
functionalities could also play an important role in cell viability [70, 
137]. 
9.4. Conclusion 
Due to the non-polar nature of ultra-high molecular weight 
polyethylene, surface modification is needed to improve both its 
biocompatibility and its wettability. For this purpose, in this study, 
thin nitrogen-containing polymer coatings were prepared on 
UHMWPE samples by different plasma and UV based techniques 
under different conditions. All surfaces were analyzed based on 
various characterization techniques. The results of these 
investigations can be summarized as follows: first, allylamine plasma, 
post-irradiation grafting and UV based techniques are powerful 
versatile tools to modify the surface of UHMWPE. Second, the 
obtained nitrogen-containing polymers are relatively stable and 
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As already mentioned, one of the major limitations of plasma 
technology is the diversity of functional groups produced by the 
multitudes of chemical reactions that occur in the plasma. 
Incorporation of amino groups by plasma generally occurs with that of 
other nitrogen functionalities [131]. Optimization of the desired amino 
functionality on a plasma surface should thus be achieved by varying 
the plasma process parameters.  
This motivates to study the plasma parameters effects on plasma 
based amino functionalization in more details. This is done by first 
detecting and quantifying the amino groups present on the plasma 
polymerized coatings. Investigations of the surface roughness and 
wettability of the deposits are also in order knowing that cells and 
biomolecules are affected not only by the surface chemical composition 
but also by its topography and wetting degree.  
The wider application of plasma polymers relies on their long-term 
properties. In several applications in the medical devices field, it is 
often necessary to store the samples for a certain period before they 
are used [234]. Therefore, it is important to examine how these 
materials change as a function of time to assess the ageing behavior of 
the coating. Another important aspect is solubility in polar solvents, a 
key criterion in biomedical contexts. Ageing and stability behaviors of 
plasma polymer coatings vary with deposition conditions, probably via 
differing cross-linking densities. 
In order to ensure optimal bio performances, the deposit must have a 
high density of amino groups as well as long-term stability in both air 
and aqueous environments. These two requirements appear to be in 
conflict, because a high NH2 density often results in both faster 
hydrophobic recovery and excessive solubility in polar solvents (e.g. 
water) due to high surface energy and insufficient crosslinking in the 
amino-rich coatings [235].  
It is still a challenging task to obtain films with desired chemical 
surface properties that are stable enough to be used in biomedical 
applications. Chemical and physical aspects of plasma polymers 




soaking require further investigation in order for these coatings to be 
used in biomedical applications with adequate predictability and 
control. 
In this study, a dielectric barrier discharge (DBD) operated at 
medium to atmospheric pressure has been used for the deposition of 
thin polyallylamine (PAam) films on ultra-high molecular weight 
polyethylene (UHMWPE) substrates. Plasma polymerization was 
done using different process parameters such as treatment time, 
discharge power, monomer concentration, and pressure. After 
treatment, samples were stored in air and water for 7 days for ageing 
and stability tests, respectively. Treatment parameters’ effects on the 
coatings’ properties were investigated via different physical and 
chemical characterization techniques such as X-ray photoelectron 
spectroscopy (XPS), atomic force microscopy (AFM), water contact 
angle measurements (WCA), and optical reflectance spectroscopy 
(OPS). 
10.2. Experimental conditions 
In this study, 12 samples (S1-S12) were prepared using different 
plasma parameters as summarized in table 10.I. 
Table 10.I. Summary of the used plasma parameters (He and Aam 













S1 3 1 24.0 100 1 
S2 3 1 24.0 100 2 
S3 3 1 24.0 100 3 
S4 3 1 24.0 100 5 
S5 3 1 5.7 100 2 
S6 3 1 11.3 100 2 
S7 3 1 16.6 100 2 
S8 3 1.5 24.0 100 2 
S9 3 2 24.0 100 2 
S10 1 1 12.0 10 2 
S11 1 1 12.0 50 2 





10.3. Results and discussions 
As previously stated, surface chemical bonds of allylamine plasma 
coated UHMWPE were determined using N1s peak fitting and TFBA 
derivatization reaction. 
Figure 10.1 shows the N1s peak fitting of allylamine plasma coated 
UHMWPE (S2). Similar fittings with different amine (-NHx, x=1,2) 
and amide (N-C=O) peak areas were obtained for the rest of the 
samples. 
 
Figure 10.1. High resolution N1s peak of allylamine plasma coated 
UHMWPE 
 
As seen from figure 10.1, amines (399.1 ± 0.2 eV) and amides (399.8 
eV) [84, 171, 172] are the main nitrogen containing functional groups 
on the surface of the polymer. 
XPS also showed that for all samples around 5% oxygen was 
incorporated which can be attributed to the low vacuum level not 
guaranteeing the total absence of oxygen in the plasma and to post-
plasma air exposure [132].  
In order to determine the incorporated oxygen functionalities, C1s 
peak fitting was performed (not shown here) and 3 peaks were 
defined. A peak at 285.0 eV which corresponds to C-C/C-H bonds, a 
peak at 286.4 eV which corresponds to C-N bonds and another peak at 
288.0 eV which corresponds to N-C=O or C=O bonds. One should also 
mention that C-O bonds have a relatively broad binding energy range 




C=O/C=O bonds [125, 138]. Oxygen containing functionalities are 
therefore difficult to assign using the C1s peak fitting. Since in this 
study, oxygen percentage is constant for all samples and oxygen 
functionalities are not the ones under investigation, further 
examination of this oxygen contamination will not be conducted. 
In order to efficiently identify and quantify the present amino groups, 
TFBA derivatization reaction was also conducted. 
Table 10.II shows the amino and amine percentages on the surface of 
plasma coated UHMWPE samples using both TFBA derivatization 
reaction and N1s peak fitting, respectively. 
As seen from table 10.II, for the selected samples and for an amino 
concentration of less than 12%, the amount of amino groups on the 
sample’s surface determined by TFBA derivatization, within 
experimental error, compares well to the amount of amine groups 
obtained from the N1s peak fitting; this indicates that amines 
detected by N1s peak fitting are primarily amino groups.  
However, for an amino group concentration exceeding 12%, TFBA 
labeling showed a saturated state and failed to label all exceeder 
amino groups. This may be due to the limited amount of TFBA 
molecules that can adhere on the surface taking into account their 
relatively voluminous structure.  
Nevertheless, in this study, TFBA derivatization was used to validate 
the XPS deconvolution method. Since it was found that N1s XPS 
deconvolution gives a good indication of the amount of NH2 groups, in 
the following, the presented [NH2] (%) are the ones obtained from the 
N1s peak fitting. For that, the amine peak area is multiplied by the 
total nitrogen percentage and the obtained [NH2] (%) represents the 







Table 10.II. Amino and amine surface concentrations of plasma coated 
UHMWPE samples obtained by TFBA derivatization reaction and 
N1s peak fitting respectively 
Sample 
[NH2] from TFBA  
derivatization (%) 
[NH2] or [NH] from N1s  
peak fitting (%) 
S2 9.7 9.9 
S5 12.5 15.4 
S8 11.8 11.9 
S9 12.3 14.5 
 
This study consists of 4 parts: in the first part, plasma parameters’ 
effects on the properties of freshly deposited allylamine coatings are 
discussed and in the second and third parts, ageing and stability 
studies are presented. The main objective of these investigations is to 
determine the optimal plasma process parameters for reliable 
coatings having good chemical and physical properties; this is 
presented in the fourth part.  
 
10.3.1. Plasma parameters’ effects on the properties of 
freshly deposited allylamine coatings 
10.3.1.1. Plasma treatment time effect on the final layer 
properties 
For plasma treatment time effect on the final layer properties, plasma 
treatment time was varied (t = 1, 2, 3, 5 min) while the other process 
parameters were fixed (Pressure = 100 kPa, FlowHe = 3 L/min, 
FlowAam = 1 g/h, Power = 24.0 W).  
10.3.1.1.1. XPS analysis 
Figure 10.2 shows the amounts of nitrogen and amino groups of 
allylamine plasma coated UHMWPE films after different plasma 
treatment times. Results show that, after plasma treatment, nitrogen 
was incorporated in a relatively high amount ([N]≈ 14%) mostly as 
amino groups ([N] as [NH2]≈ 11%). Results also show that, when time 
increases, [N] and [NH2] percentages remain constant which indicates 
that plasma treatment time has no significant effect on both nitrogen 
and amino group surface concentrations. Similar findings for 
deposition time effect on the surface nitrogen percentage were 






Figure 10.2. Total nitrogen and amino group percentages of plasma 
coated UHMWPE films after different plasma treatment times 
10.3.1.1.2. AFM analysis 
Figure 10.3 shows the roughness values of untreated and allylamine 
plasma coated UHMWPE films after different plasma treatment 
times. After 1 min of plasma treatment, a slight increase in roughness 
from 88.3 nm (UHMWPE natural roughness) to 95.6 nm was 
observed. Then, between 1 and 3 min, the surface roughness decreases 
from 95.6 to 47 nm respectively and then remained constant for longer 
treatment times.  
Roughness increase in the first min of deposition is due to the 
relatively high roughness value of the UHMWPE film leading to an 
irregular deposition of the coating. But as treatment time increased (t 
> 1 min), the coating builds up and smoother deposits are obtained.  
Variations in surface morphology between untreated and plasma 
coated UHMWPE films as well as coating build up after different 





Figure 10.3. Roughness values of untreated and plasma coated 












Figure 10.4. AFM images of a) untreated and plasma coated 
UHMWPE after b) 1 min, c) 2 min, d) 3 min, and e) 5 min treatment 
times 
10.3.1.1.3. WCA measurements 
Figure 10.5 shows the WCA values of untreated and allylamine 
plasma coated UHMWPE films after different plasma treatment 
times. Plasma treatment significantly enhanced the UHMWPE 
surface wettability; a WCA decrease of almost 36° was obtained after 




time increased, WCA slightly increased after which the WCA value 
stayed constant for longer treatment times. Since no significant 
change in surface chemistry was detected by XPS, the slight increase 
in WCA is probably due to the roughness decrease [134] as detected by 
AFM. 
 
Figure 10.5. WCA values of untreated and plasma coated samples 
after different deposition times 
10.3.1.2. Discharge power effect on the final layer properties 
For the discharge power effect on the final layer properties, discharge 
power was varied (Power = 5.7, 11.3, 16.6, 24.0 W) while the other 
process parameters were fixed (Pressure = 100 kPa, FlowHe = 3 L/min, 
FlowAam = 1 g/h, t = 2 min).  
10.3.1.2.1. XPS analysis 
Figure 10.6 shows the amounts of nitrogen and amino groups of 
allylamine plasma coated UHMWPE films after treatment with 
different plasma powers. As seen from figure 10.6, the higher the 
power, the lower the nitrogen and amino group percentages are. 
Plasma polymerization with the highest power (24.0 W) shows the 
lowest nitrogen and amino percentages ([N]= 13.9%, [NH2]= 9.9%) and 
plasma polymerization with the lowest power (5.7 W) shows the 




In fact, when the plasma power is increased, the density of electrons 
and ions in the plasma are increased. This results in a more dense 
plasma, where the fragmentation and re-arrangement of the monomer 
molecules is more pronounced leading to an increased loss of the 
functional group. Similar findings were obtained by Lejeune et al. 
[127] for RF plasma polymerization of allylamine at low pressure.  
 
Figure 10.6. Total nitrogen and amino group percentages of plasma 
coated UHMWPE films at different discharge powers 
10.3.1.2.2. AFM analysis 
Figure 10.7 shows the roughness values of untreated and allylamine 
plasma coated UHMWPE films. As seen from figure 10.7, power 
increase leads to an increase in roughness from 56.5 nm to 75.4 nm 
for 5.7 and 24.0 W respectively. This is caused by the more 
pronounced plasma etching effect obtained at higher powers. With 
power increase, more active species are formed which amplifies the 





Figure 10.7. Roughness values of untreated and plasma coated 
UHMWPE films at different discharge powers 
10.3.1.2.3. WCA measurements 
Figure 10.8 shows the WCA values of untreated and allylamine 
plasma coated UHMWPE films. As seen from figure 10.8, a wide 
range of WCAs is obtained by varying the plasma power between 5.7 
and 24.0 W: a minimum of 35.2° is reached for the lowest power and a 
maximum of 68.3° is reached for the highest power.  
WCA increase with power increase is due to the loss of nitrogen at 
higher discharge powers as determined by XPS. Since AFM 
measurements showed that surface roughness increased with plasma 
power which would normally cause a WCA decrease, it can be 
concluded that surface chemical composition has a higher influence on 





Figure 10.8. WCA values of untreated and plasma coated samples at 
different discharge powers 
10.3.1.3. Monomer flow rate effect on the final layer properties 
For monomer flow rate effect on the final layer properties, monomer 
flow was varied (FlowAam = 1, 1.5, 2 g/h) while the other process 
parameters were fixed (Pressure = 100 kPa, FlowHe = 3 L/min, Power 
= 24.0 W, t = 2 min).  
10.3.1.3.1. XPS analysis 
Table 10.III shows the amounts of nitrogen and amino groups of 
allylamine plasma coated UHMWPE films after treatment with 
different monomer flow rates. As seen from table 10.III, nitrogen 
percentage increases between 1 and 1.5 g/h from 13.9 to 16.5% 
respectively after which it stays constant with further monomer 
concentration increase suggesting that a saturation region is reached. 
However, within the studied monomer concentration range, amino 
group percentage continuously increased with monomer concentration 
increase from 9.9 to 14.5% for an allylamine concentration of 1 and 2 
g/h respectively. 
Since plasma power is fixed, the increased amino density with 
increased monomer flow rate can be explained by the decrease of 




and thus higher NH2 retention. This effect was also observed by 
Hamerli et al. [131] during MW plasma polymerization of allylamine 
at low pressure. 
Table 10.III. Total nitrogen and amino group percentages of plasma 





Nitrogen as NH2 groups 
([NH2]) (%) 
1 13.9 ± 0.6 9.9 ± 0.4 
1.5 16.6 ± 0.4 11.9 ± 0.1 
2 16.5 ± 0.1 14.5 ± 0.4 
 
10.3.1.3.2. AFM analysis 
Table 10.IV shows the roughness values of untreated and allylamine 
plasma coated UHMWPE films after treatment with different 
monomer flow rates. From 1 to 1.5 g/h, when monomer concentration 
increases, roughness considerably decreases from 75.4 to 46.3 nm 
then continues to slightly decrease reaching a value of 40.5 nm with 
further monomer concentration increase. This can be explained by the 
lower amount of active species formed when the monomer 
concentration increases which is directly linked to the lower 
fragmentation rate obtained at higher monomer concentration. 
Table 10.IV. Roughness values of untreated and plasma coated 





0.0 88.3 ± 2.4 
1.0 75.4 ± 3.0 
1.5 46.3 ± 3.4 
2.0 40.5 ± 2.5 
 
10.3.1.3.3. WCA measurements 
Table 10.V shows the WCA values of untreated and allylamine 
plasma coated UHMWPE films after treatment with different 
monomer flow rates. As seen from table 10.V, when monomer 
concentration increases from 1 to 1.5 g/h, WCA decreases from 68.3 to 
44.3° and then stays constant with further monomer concentration 




the increase of nitrogen percentage as determined by XPS. Between 
1.5 and 2 g/h, XPS results showed that nitrogen percentage is 
constant whereas amino group percentage increases with monomer 
concentration increase. Since the WCA stays constant in this region, 
this suggests that WCA is affected by the surface atomic composition 
rather than by the formed surface chemical bonds, knowing that the 
oxygen percentage is the same for both samples.  
Table 10.V. WCA values of untreated and plasma coated UHMWPE 





0 99.0 ± 1.0 
1 68.3 ± 2.0 
1.5 44.3 ± 3.0 
2 43.4 ± 2.3 
 
10.3.1.4. Plasma power and monomer flow rate combined effect 
(Plasma polymer deposition domains) 
Plasma power and monomer flow rate are linked by the Yasuda 
(W/FM) parameter [105]. The W/FM parameter is defined as the 
apparent input energy of the plasma per unit of monomer molecule, 
where W, F, and M are plasma power (W), monomer flow rate (mol/s), 
and molecular weight of the monomer (kg/mol), respectively. In other 
words, the W/FM parameter (J/kg) is proportional to the concentration 
of activated species in the discharge.  
The Yasuda parameter is an important factor because it controls not 
only the characteristics of the coatings but also the deposition rate of 
plasma polymerization. In fact, the deposition of a plasma polymer 
coating relies on a dynamic equilibrium between a process of 
deposition and a process of sputtering by the active species in the 
plasma. Generally, plasma polymerization can be divided in three 
regions: (1) the monomer sufficient region where the concentration of 
active species is lower than the monomer concentration, (2) the 
monomer deficient region where the concentration of active species is 
greater than the monomer concentration, and (3) the competition 
region which is an intermediate region between (1) and (2).  
In the monomer sufficient region, the polymer forming process 




W/FM parameter. The power per monomer molecule is relatively low 
and monomer molecules are subjected to less fragmentation. Plasma 
polymers with a high structural retention are formed. 
On the other hand, in the monomer deficient region, the sputtering 
process dominates and the polymer deposition rate decreases with 
increasing W/FM parameter. The power per monomer molecule is 
rather high and the monomer molecules are subjected to heavy 
fragmentation. Plasma polymers with a low structural retention are 
formed. 
For Yasuda calculations, OPS measurements were used to determine 
the thickness of the deposits allowing the determination of the 
deposition rate. 
Table 10.VI summarizes the calculated Yasuda parameters and 
deposition rates for the prepared samples. As shown in this table, 
when the Yasuda parameter increases by increasing the plasma 
power and/or decreasing the monomer flow rate, the deposition rate 
increases. This indicates that all plasma polymerizations performed in 
this work were conducted in the monomer sufficient region. In this 
region, little fragmentation of the monomer occurs and a high 
retention of functional groups is obtained; this is confirmed by the 
XPS results where a large retention of amino groups in the deposited 
coatings was observed. For a power of 24.0 W and a monomer flow 












Table 10.VI. Dependence of plasma polymer deposition rate on the 
















1 4.86 5.7 20.52 1.06 
1 4.86 11.3 40.68 1.18 
2 9.73 24.0 43.20 1.25 
1.5 7.30 24.0 57.60 1.36 
1 4.86 16.6 59.76 1.39 
1 4.86 24.0 86.40 2.00 
 
In a previous study, Myung et al. [122] have deposited PAam coatings 
using an RF plasma operated in a mixture of allylamine and argon at 
low pressure; they found a plasma deposition rate of 1.37 nm/s at 90 
W. Lucas et al. [126] also deposited PAam films by DC magnetron 
sputtering in pure allylamine vapour at low pressure; they found a 
deposition rate of 0.65 nm/s at 100 W. In another study by Lejeune et 
al. [127] PAam films were also deposited using an RF plasma 
operated in a mixture of allylamine and argon at low pressure; a 
deposition rate of 0.09 nm/s was found at 30 W. Comparing these 
results with the ones obtained in this study, one can conclude that 
allylamine plasma polymerization using an atmospheric pressure 
DBD is quite efficient. 
10.3.1.5. Pressure effect on the final layer properties 
For pressure effect on the final layer properties, pressure was varied 
(Pressure = 10, 50, 100 kPa) while the other process parameters were 
fixed (FlowAam = 1 g/h, FlowHe = 1 L/min, Power = 12.0 W, t = 2 min).  
10.3.1.5.1. XPS analysis 
Table 10.VII shows the amounts of nitrogen and amino groups of 
allylamine plasma coated UHMWPE films at different plasma 
treatment pressures. As seen from table 10.VII, between 10 and 50 
kPa, nitrogen and amino group concentrations decrease with pressure 
increase while between 50 and 100 kPa, nitrogen and amino group 
concentrations are relatively constant.  
In fact, when the pressure increases, the power per particle decreases 




Therefore, the nitrogen and amino group concentrations should 
increase when pressure increases.  
However, at the same time, when pressure increases, the deposition 
rate increases and the etching decreases. Therefore, more dense films 
are obtained at lower pressures. This could probably explain the 
higher nitrogen and amino percentages obtained at 10 kPa since in 
this case the surface top 10 nm analyzed by XPS is more dense which 
would lead to higher [N] and [NH2] percentages.  
 
Table 10.VII. Total nitrogen and amino group percentages of plasma 
coated UHMWPE films at different pressures 
Pressure 
 (kPa) 
Total nitrogen ([N]) 
(%) 
Nitrogen as NH2 groups ([NH2])  
(%) 
10 19.6 ± 1.0 14.5 ± 0.3 
50 17.3 ± 0.7 13.1 ± 0.4 
100 17.2 ± 0.4 13.7 ± 0.4 
 
10.3.1.5.2. AFM analysis 
Table 10.VIII shows the roughness values of untreated and allylamine 
plasma coated UHMWPE films after different plasma treatment 
pressures. Results show that, when pressure increases from 10 to 100 
kPa, roughness gradually decreases from 64.3 to 48.3 nm respectively. 
This is due to the decrease of electron density obtained at higher 
pressure values leading to a decrease in the concentration of active 
species which will decrease the etching effect.  
Table 10.VIII. Roughness values of untreated and plasma coated 





10 64.3 ± 1.7 
50 52.2 ± 1.4 






10.3.1.5.3. WCA measurements 
Table 10.IX shows the WCA values of untreated and allylamine 
plasma coated UHMWPE films at different plasma treatment 
pressures. Results show that, when pressure increases from 10 to 100 
kPa, WCA decreases from 61.4° to 35.1° respectively. Since WCA 
technique characterizes the top surface layer of the sample, this 
actually confirms the already mentioned theory of higher nitrogen and 
amino group surface concentrations obtained at higher pressure 
value. 
Table 10.IX. WCA values of untreated and plasma coated UHMWPE 





10 61.4 ± 3.0 
50 40.0 ± 1.2 
100 35.1 ± 1.0 
 
10.3.2. Plasma parameters’ effects on the ageing 
behavior of allylamine coatings  
During plasma deposition of polymeric thin films, radicals are 
incorporated into the growing film. These radicals participate in the 
oxidation reactions when samples are stored in air for a certain period 
of time. At the same time, during ageing we have surface 
restructuring, i.e. physical rearrangement of nitrogen and oxygen 
functionalities at the plasma polymer surface by an inward migration 
of their polymer chains. Polar structures thus move away from the 
surface toward the bulk of the coating, this phenomenon happens in 
order to minimize the surface free energy. This was observed using 
XPS and WCA analysis.  
As stated above, after ageing, the surface top 10 nm chemistry was 
observed using XPS. Table 10.X shows the nitrogen percentages 
before and after 7 days ageing for the prepared samples. As shown in 
this table, within experimental error, nitrogen percentage did not 
change between freshly prepared and aged samples. This can be 
attributed to the limited mobility of polymer chains in the crosslinked 
plasma polymers, which resulted in the N functionalities not 




Table 10.X. Nitrogen percentages before and after ageing of 







S1 14.2 ± 0.4 14.1 ± 0.2 
S2 13.9 ± 0.6 14.0 ± 0.6 
S3 14.8 ± 0.6 14.1 ± 0.8 
S4 14.1 ± 0.1 14.4 ± 0.6 
S5 16.9 ± 0.1 16.4 ± 0.1 
S6 15.9 ± 0.3 15.7 ± 0.5 
S7 15.3 ± 0.5 14.8 ± 0.1 
S8 16.6 ± 0.4 16.4 ± 0.6 
S9 16.5 ± 0.1 16.7 ± 0.5 
S10 19.6 ± 1.0 18.5 ± 1.0 
S11 17.3 ± 0.7 16.7 ± 0.5 
S12 17.2 ± 0.4 17.2 ± 0.3 
 
However, oxygen percentage increased from ≈ 5% for the freshly 
prepared samples to ≈ 7-8% after ageing. Coatings undergo ambient 
post plasma oxidation upon storage in air where O is incorporated due 
to reactions between long-lived radicals trapped in the plasma 
polymer coating created during deposition, with molecular oxygen or 
water vapor when the films are stored in ambient atmosphere. This 
results in a different surface top 10 nm chemistry.  
In order to know in what form the O has been incorporated in the 
coatings, N1s peak fitting has been conducted. Figure 10.9 shows the 
N1s peak fitting of an allylamine plasma coated UHMWPE sample 
(S1) before and after ageing. As seen from figure 10.9, after ageing, a 
part of the amines is converted to amide groups. Similar fittings with 
slightly different amine and amide peak areas were obtained for the 
rest of the samples. For all the samples, an extra 1 to 3% of amide was 
found after ageing. 
Given the close proximity of the binding energies of the different 
nitrogen components and the experimental resolution, fitting is 
subject to uncertainty. As shown, amide groups were the main 
oxidation product after ageing but the fact that the binding energies of 
the nitrogen containing groups are so close to one another may have 








Figure 10.9. High resolution N1s peak of a) freshly prepared and b) 
aged allylamine plasma coated UHMWPE 
When the monomer forming the plasma polymer contains 
heteroatoms, e.g. nitrogen in allylamine, additional reactions occur in 
the post-plasma oxidative process other than those characteristic of 
the oxidation of hydrocarbon chains.  
Since the freshly deposited allylamine polymer films had a relatively 
high concentration of amine functional groups, these groups can 
strongly influence the ageing process [236]. This mainly resulted in 
amide formation in contrast to other plasma polymerized materials 
whose ageing behavior is dominated by the hydrocarbon network.  
To see the influence of plasma process parameters on the amount of 
amide formed, N1s peak fitting of the samples prepared using various 
plasma process parameters before and after ageing has been 
performed.  
As will be seen from the XPS results presented in the subsections 
below, for all samples, after ageing, the N1s peak becomes broader 
and the signal shifts to a higher binding energy which indicates the 
conversion of amine to amide groups [237].  
In order to investigate the top layer surface chemistry and evaluate 
its evolution after ageing, WCA analyses were also conducted. As 
already mentioned, during the ageing process, the surface tends to 
recover to its original state (reorientation of the polar groups towards 
the bulk). Thus, the surface undergoes what is called a hydrophobic 
recovery which leads to an increased WCA. The extent of hydrophobic 





 The effects of plasma parameters on the surface chemistry and 
hydrophobic recovery after ageing are presented below. 
10.3.2.1. Plasma treatment time effect on the ageing behavior of 
the deposited coating 
10.3.2.1.1. XPS analysis 
Figure 10.10 shows the N1s spectra of allylamine plasma treated 
films for 1 and 5 min before and after ageing. As can be seen, the N1s 
peak shifting is much more pronounced for the sample treated for 1 
min than for the sample treated for 5 min. After 1 min of 
polymerization, the deposited coating presents some surface 
irregularities manifested by a high Rrms value (figure 10.3) therefore 
the O could penetrate more into the film and thus oxidize the amine 
groups. For longer treatment times (5 min), smoother coatings are 
obtained (lower Rrms values) and therefore lower amounts of amide 
groups are formed. 
 
Figure 10.10. XPS N1s spectra of a) 1 and b) 5 min plasma 




10.3.2.1.2. WCA analysis 
Table 10.XI shows the WCA values of allylamine plasma treated 
samples for different plasma treatment times before and after ageing 
and their corresponding ΔWCA. For 1 min treatment time, there is a 
hydrophobic recovery but not a full recovery (WCA of untreated 
UHMWPE≈ 99.0°). Within experimental error and taking into account 
the standard deviations, for t ≥ 2 min, there is no to minimal 
hydrophobic recovery which is not the case for t= 1 min where an 
increase in WCA was observed. Therefore, we see that when time 
increases, we have less hydrophobic recovery because thicker coatings 
are obtained so the coating’s surface is further away from the 
hydrophobic UHMWPE film and would have less influence on the 
hydrophobic recovery of the coating’s surface.  
Nevertheless, the final WCA values after ageing for all samples were 
similar to one another. 
Table 10.XI. WCA values of allylamine plasma treated samples for 
different plasma treatment times before and after ageing and their 





Just after treatment Ageing (7 days) 
1 63.2 ± 1.8 69.9 ± 1.0 6.7 ± 0.8 
2 68.3 ± 2.0 71.9 ± 2.5  3.6 ± 0.5 
3 71.0 ± 1.7 72.7 ± 2.9 1.7 ± 1.2 
5 70.7 ± 2.1 72.4 ± 1.1 1.7 ± 1.0 
 
10.3.2.2. Plasma power effect on the ageing behavior of the 
deposited coating 
10.3.2.2.1. XPS analysis 
Figure 10.11 shows the N1s spectra of allylamine plasma treated 
films at 5.7 and 24.0 W before and after ageing. For higher power, the 
N1s peak shifting was less pronounced showing a minor oxidation of 
amine groups. This indicates that the extent of post plasma oxidation 
is lower for the coatings deposited at higher power values. This is due 
to the increased crosslinking in the film at higher powers which 
results from the increased amount of radicals formed following 
excessive monomer fragmentation. An increased crosslinking limits 








Figure 10.11. XPS N1s spectra of a) 5.7 and b) 24.0 W plasma 
polymerized Aam films before and after ageing in air for 7 days 
10.3.2.2.2. WCA analysis 
Table 10.XII shows the WCA values of allylamine plasma treated 
samples at different plasma powers before and after ageing and their 
corresponding ΔWCA. As seen from table 10.XII, over time all samples 
prepared at P ≤ 16.6 W underwent a hydrophobic recovery whereas 
almost no ageing occurred for the sample prepared at 24.0 W. Lower 
ΔWCA values were obtained when power increases because of the 
higher obtained crosslinking densities which reduces the surface 
restructuring of the polymer chains upon aging. For 5.7 and 11.3 W 
the post-ageing WCA value is lower than for the samples prepared at 
16.6 and 24.0 W; so despite the greater loss of functional groups at 
lower powers after ageing, at the end the surface retains more its 




Table 10.XII. WCA values of allylamine plasma treated samples at 
different plasma powers before and after ageing and their 





Just after treatment Ageing (7 days) 
5.7 35.2 ± 2.3 62.4 ± 1.7 27.2 ± 0.6 
11.3 46.4 ± 2.8 58.5 ± 1.9 12.1 ± 0.9 
16.6 60.9 ± 2.0 68.2 ± 1.2 7.3 ± 0.8 
24.0 68.3 ± 2.0 72.6 ± 3.0 4.3 ± 1.0 
 
10.3.2.3. Monomer concentration effect on the ageing behavior of 
the deposited coating 
10.3.2.3.1. XPS analysis 
Figure 10.12 shows the N1s spectra of allylamine plasma treated 
films at 1 and 2 g/h before and after ageing. More peak shifting is 
observed at high monomer concentration compared to low monomer 
concentration since at high monomer concentration there is less 
monomer fragmentation leading to less radicals and therefore less 
crosslinking. This lower crosslinking density obtained at higher 
monomer concentration leads to more accessibility of the amine 
functionalities and therefore more oxidation and more peak shifting 










Figure 10.12. XPS N1s spectra of a) 1 and b) 2 g/h plasma polymerized 
Aam films before and after ageing in air for 7 days 
10.3.2.3.2. WCA analysis 
Table 10.XIII shows the WCA values of allylamine plasma treated 
samples at different monomer concentrations before and after ageing 
and their corresponding ΔWCA. As seen from table 10.XIII, the 
sample prepared at a monomer concentration of 1 g/h does not show 
any significant ageing. However, when monomer concentration 
increases ≥ 1.5 g/h, ΔWCA increases indicating more hydrophobic 
recovery. This is due to the lower crosslinking densities obtained at 






Table 10.XIII. WCA values of allylamine plasma treated samples at 
different monomer concentrations before and after ageing and their 





ΔWCA  Just after 
treatment 
Ageing (7 days) 
1 68.3 ± 2.0 72.6 ± 3.0 4.3 ± 1.0 
1.5 44.3 ± 3.0 59.8 ± 1.4 15.5 ± 1.6 
2 43.4 ± 2.3 64.9 ± 1.2 21.5 ± 1.1 
 
10.3.2.4. Pressure effect on the ageing behavior of the deposited 
coating 
10.3.2.4.1. XPS analysis 
Figure 10.13 shows the N1s spectra of allylamine plasma treated 
films at 10 and 100 kPa before and after ageing. More peak shifting is 
observed at higher pressure compared to low pressure. This is due to 
the lower monomer fragmentation and thus lower crosslinking degree 
obtained at higher pressure which leads to more oxidation and 





Figure 10.13. XPS N1s spectra of a) 10 and b) 100 kPa plasma 
polymerized Aam films before and after ageing in air for 7 days 
10.3.2.4.2. WCA analysis 
Table 10.XIV shows the WCA values of allylamine plasma treated 
samples at different pressures before and after ageing and their 
corresponding ΔWCA. As seen from table 10.XIV, ΔWCA increases 
when pressure increases because less stable coatings are obtained at 
higher pressure leading to a more pronounced ageing effect. However, 
despite higher ageing rates, the post-ageing WCA values of samples 
treated at pressures of 50 and 100 kPa are lower than at 10 kPa; this 







Table 10.XIV. WCA values of allylamine plasma treated samples at 
different pressures before and after ageing and their corresponding 





Just after treatment Ageing (7 days) 
10 61.4 ± 3.0 71.5 ± 1.8 10.1 ± 1.2 
50 40.0 ± 1.2 62.5 ± 2.5 22.5 ± 1.3 
100 35.1 ± 1.0 64.6 ± 2.8 29.5 ± 1.8 
 
10.3.3. Plasma parameters’ effects on the stability behavior of 
allylamine coatings  
Stability tests were performed in deionized water in order to follow 
the degradation of the coatings without any contamination from ion 
adsorption. Water can penetrate the coating and induce changes in its 
chemical composition and microstructure; for that, coatings were 
investigated for their behavior when soaked in water using XPS, OPS 
and AFM analysis techniques. This has been conducted in order to 
take into account the chemical (loss of NH2) and physical (loss of 
thickness/ morphology) stability criteria.  
As already mentioned, depending on the used plasma parameters the 
film’s crosslinking density changes. A higher crosslinking degree 
means that the film’s chemistry is more stable and the functional 
groups are protected in the polymer structure, so they are more 
difficult to dissolve in water.  
For all samples, XPS analysis showed that oxygen percentage 
increased from ≈ 5% for the freshly prepared samples to ≈ 7-10% after 
soaking. 
For the physical aspect of stability, the film thickness was measured 
using OPS before and after 7 days immersion in water, and the 
corresponding decrease in thickness was calculated. A partial 
solubility of films is expected, because of the inevitable presence of low 
molecular weight oligomers in the film that are readily extractable in 
polar solvents [237-239].  
AFM imaging was also conducted to determine the influence of 
aqueous extraction on the surface morphology of Aam plasma polymer 




soaking is determined by the film’s crosslinking degree and its post-
soaking thickness value which is presented in table 10.XV. If the post-
soaking film thickness is less than 100 nm so that it barely fills the 
voids in the UHMWPE natural roughness (≈ 88 nm) then the Rrms 
after soaking is small because smooth surfaces are obtained. However, 
if the post-soaking thickness is greater than 100 nm, then the more 
stable the film is the less elution there will be and the smaller the 
Rrms is.  
Table 10.XV. Post-soaking thickness values of allylamine plasma 
coated UHMWPE films 
Sample Thickness after soaking (nm) 
S1 118.5 ± 3.0 
S2 146.6 ± 5.2 
S3 160.2 ± 5.2 
S4 170.1 ± 7.8 
S5 87.1 ± 2.1 
S6 113.2 ± 5.2 
S7 135.7 ± 2.3 
S8 114.5 ± 2.6 
S9 89.2 ± 1.0 
S10 166.8 ± 9.8 
S11 161.5 ± 1.2 
S12  116.2 ± 3.1 
 
10.3.3.1. Plasma treatment time effect on the stability behavior of 
the deposited coating 
10.3.3.1.1. XPS analysis 
Table 10.XVI shows the nitrogen composition of allylamine plasma 
coated UHMWPE films (as treated and after 7 days soaking) for 
various plasma exposure times. Nitrogen percentage variation Δ[N] 
(%) is calculated in order to evaluate the stability of the films. As can 
be seen, for all samples, [N] (%) decreases after soaking but the 
decrease is smaller for a treatment time ≤ 2 min. This suggests that 
the thickness of the coating affects its stability: an optimal thickness 
is necessary for maximum stability. In this study, we can see that a 
thickness ≤ 180 nm which is obtained after a treatment time ≤ 2 min 




Table 10.XVI. Nitrogen percentage (before and after ageing) of 






Just after treatment 
Stability  
(7 days) 
1 14.2 ± 0.4 12.4 ± 0.4 1.8 ± 0.0 
2 13.9 ± 0.6 12.8 ± 0.5 1.1 ± 0.1 
3 14.8 ± 0.6 11.1 ± 0.7 3.7 ± 0.1 
5 14.1 ± 0.1 11.7 ± 0.2 2.4 ± 0.1 
 
10.3.3.1.2. OPS analysis 
Figure 10.14 shows the percentage of thickness decrease as a function 
of treatment time. As can be seen, a treatment time ≤ 2 min leads to 
the lowest decrease in thickness (≈ 18.0 %), while higher treatment 
times resulting into higher film thicknesses lead to a higher thickness 
decrease and therefore to less stable films. This correlates well with 
the obtained XPS results. 
 
Figure 10.14. Percentage of thickness decrease for samples prepared 




10.3.3.1.3. AFM analysis 
Table 10.XVII shows the roughness values of allylamine plasma 
coated UHMWPE films (as deposited and after 7 days soaking). As 
can be seen, after soaking, roughness increases for the samples 
treated for 3 and 5 min. However, it was seen that the samples 
treated for ≤ 2 min maintained a similar surface roughness as to their 
as deposited state after soaking for 7 days which is due to their 
optimal thickness values thus showing greater water stability. For an 
increased coating thickness (3, 5 min), a higher Rrms value is obtained 
because thicker coatings are more prone to elution than thinner 
coatings. 
Table 10.XVII. Roughness values (before and after soaking) of 
allylamine plasma coated UHMWPE for different treatment times 
Treatment time 
(min) 
Rrms of Aam plasma polymer films (nm) 
As deposited After stability test 
1 95.6 ± 3.6 91.2 ± 3.2 
2 75.4 ± 3.0 67.5 ± 4.8 
3 47.0 ± 4.5 75.3 ± 3.2 
5 49.0 ± 3.8 146.9 ± 6.9 
 
AFM was also used to depict the variations in surface morphology 
after soaking of plasma coated UHMWPE films for different 
deposition times. Figure 10.15 presents the surface morphology of 
Aam plasma polymer films deposited for 1 and 5 min before and after 
immersion in water. 
 
As can be seen, for the sample treated for 5 min, the surface 
morphology differed markedly after immersion in water for 7 days 
where a lot of peaks are visible. These peaks are the result of water 
penetrating into the polymer matrix and later on being replaced by air 















Figure 10.15. AFM images of Aam plasma polymer films for 1 min and 
5 min: a, c) as deposited and b, d) after immersion in water for 7 days, 
respectively 
10.3.3.2. Power effect on the stability behavior of the deposited 
coating 
10.3.3.2.1. XPS analysis 
Table 10.XVIII shows the nitrogen percentage of allylamine plasma 
coated UHMWPE for different powers before and after soaking. As 
can be seen, Δ[N] (%) decreases when power increases; this is due to 
the higher crosslinking density obtained at higher power values 
leading to more stable coatings. The lowest Δ[N] (%) value is obtained 
with the highest used power (24.0 W). However, looking at the post-
stability [N] (%) value, one can see that for a power greater than or 
equal to 11.3 W almost the same [N] (%) is obtained which suggests 






Table 10.XVIII. Nitrogen percentage (before and after soaking) of 







Just after treatment Stability (7 days) 
5.7 16.9 ± 0.1 11.1 ± 0.4 5.8 ± 0.3 
11.3 15.9 ± 0.3 12.0 ± 0.3 3.9 ± 0.0 
16.6 15.3 ± 0.5 12.2 ± 0.2 3.1 ± 0.3 
24.0 13.9 ± 0.6 12.8 ± 0.5 1.1 ± 0.1 
 
10.3.3.2.2. OPS analysis 
Figure 10.16 shows the percentage change in thickness as a function 
of power. As seen from figure 10.16, samples prepared at low power 
(5.7 W) lost up to 34.8% of their thickness after 7 days of immersion. 
Samples prepared at higher power levels were more stable; films 
fabricated at 11.3 and 16.6 W showed a decrease in thickness of 24% 
and 22% respectively, whereas films fabricated at 24.0 W showed the 
lowest thickness decrease of 17.8%. This is due to the fact that at low 
power inputs, the resultant coating possesses more extractable 
material than coatings deposited at higher power values [238]. This 
trend can again be attributed to the increased crosslinking produced 






Figure 10.16. Percentage of thickness decrease for samples prepared 
with different discharge powers and immersed in deionized water for 
7 days 
10.3.3.2.3. AFM analysis 
Table 10.XIX, shows the roughness values of allylamine plasma 
coated UHMWPE before and after soaking for 7 days. As can be seen, 
samples that are treated at high powers (11.3, 16.6 and 24.0 W) have 
more or less the same roughness value after being soaked. Whereas, 
the sample treated at low power (5.7 W) showed a decrease in 
roughness after being soaked. This can be again correlated to both the 
film’s thickness after soaking (table 10.XV). For S5 (5.7 W), the final 
thickness of the film is less than 100 nm hence the coating barely fills 
the voids of UHMWPE and therefore a smooth surface is obtained. 
For samples having a thicker coating (greater than 100 nm) after 
being soaked (e.g. S6, S7, and S2), surface roughness is mostly 
determined by their crosslinking degree. In this case, similar 
roughness values were obtained for samples prepared at P ≥ 11.3 W, 
indicating that as of this power value there is no significant difference 





Table 10.XIX. Roughness (before and after soaking) of allylamine 
plasma coated UHMWPE for different plasma powers 
Power 
(W) 
Rrms of Aam plasma polymer films (nm) 
As deposited After stability test 
5.7 56.5 ± 3.7 31.8 ± 3.5 
11.3 58.6 ± 4.8 70.2 ± 0.7 
16.6 67.4 ± 2.0 73.8 ± 4.8 
24.0 75.4 ± 3.0 67.5 ± 4.8 
 
10.3.3.3. Monomer concentration effect on the stability behavior of 
the deposited coating 
10.3.3.3.1. XPS analysis 
Table 10.XX shows the nitrogen percentage of allylamine plasma 
coated UHMWPE before and after soaking for different monomer 
concentrations. As can be seen, although the final [N] (%) is the same 
for all samples after soaking, the Δ[N] (%) is lower for the sample 
treated at lower monomer concentration (1g/h) compared to the 
samples treated at higher monomer concentration (1.5, 2 g/h). This is 
due to the fact that as the monomer concentration increases, the 
crosslinking degree decreases hence the percentage change in 
nitrogen increases. 
 
Table 10.XX. Nitrogen percentage (before and after soaking) of 









Just after treatment Stability (7 days) 
1 13.9 ± 0.6 12.8 ± 0.5 1.1 ± 0.1 
1.5 16.6 ± 0.4 12.8 ± 0.1 3.8 ± 0.3 
2 16.5 ± 0.1 12.6 ± 0.1 3.9 ± 0.0 
 
10.3.3.3.2. OPS analysis 
Table 10.XXI shows the percentage change in thickness as a function 
of monomer concentration. As it can be seen, the percentage of 
thickness decrease increases from 17.8 to 39.3% with increasing 
monomer concentration from 1 to 2 g/h respectively. This is again due 





Table 10.XXI. Percentage of thickness decrease for samples prepared 
with different monomer concentrations and immersed in deionized 





1 17.8 ± 0.4 
1.5 28.0 ± 1.7 
2 39.3 ± 2.6 
10.3.3.3.3. AFM analysis 
Table 10.XXII shows the roughness values of allylamine plasma 
coated UHMWPE before and after soaking for different monomer 
concentrations. As can be seen, S9 (2 g/h) showed a smooth surface 
after soaking; this is again determined by the coating’s post-soaking 
thickness value which is lower than 100 nm. For S2 (1 g/h) and S8 (1.5 
g/h) the post-soaking thickness value is greater than 100 nm so the 
final roughness value is determined by the film’s crosslinking degree. 
At low monomer concentration (1 g/h), elution is less pronounced and 
the surface roughness remains almost the same. However, for higher 
monomer concentration (1.5 g/h), the film is less stable and more 
prone to elution resulting in a higher surface roughness.  
Table 10.XXII. Roughness (before and after soaking) of allylamine 
plasma coated UHMWPE for different monomer concentrations 
Monomer concentration 
(g/h) 
Rrms of Aam plasma polymer films (nm) 
As deposited After stability test 
1 75.4 ± 3.0 67.5 ± 4.8 
1.5 46.3 ± 3.4 102.3 ± 3.5 
2 40.5 ± 2.5 44.7 ± 0.3 
 
10.3.3.4. Pressure effect on the stability behavior of the deposited 
coating 
10.3.3.4.1. XPS analysis 
Table 10.XXIII shows the nitrogen percentage of allylamine plasma 
coated UHMWPE before and after soaking for different pressures. As 
can be seen, the highest Δ[N] (%) is obtained at the lowest applied 
pressure (10 kPa). This is not in compliance with the increased 
stability obtained at lower pressure but is mainly due to the 




treated at 50 kPa and 100 kPa, Δ[N] (%) increased with pressure 
confirming the lower stability obtained at higher pressure.  
Table 10.XXIII. Nitrogen percentage (before and after soaking) of 







Just after treatment Stability (7 days) 
10 19.6 ± 1.0 13.4 ± 0.5 6.2 ± 0.5 
50 17.3 ± 0.7 13.2 ± 0.1 4.1 ± 0.6 
100 17.2 ± 0.4 11.4 ± 0.5 5.8 ± 0.1 
 
10.3.3.4.2. OPS analysis 
Table 10.XXIV shows the percentage of thickness decrease of 
allylamine plasma coated UHMWPE after soaking. As can be seen, at 
pressures of 10 and 50 kPa, the percentages of thickness decrease are 
similar. However, for a higher pressure value of 100 kPa, this 
percentage is much greater. This confirms that more stable coatings 
are obtained at lower pressure compared to high pressure.  
Table 10.XXIV. Percentage of thickness decrease for samples prepared 
with different pressures and immersed in deionized water for 7 days 
Pressure 
(kPa) 
Thickness decrease  
(%) 
10 26.4 ± 1.6 
50 25.4 ± 3.1 
100 48.4 ± 0.5 
10.3.3.4.3. AFM analysis 
Table 10.XXV shows the roughness values of allylamine plasma 
coated UHMWPE before and after soaking for different pressures. As 
can be seen, after stability, roughness increased for all samples. This 
increase is more pronounced with increased pressure since, as already 








Table 10.XXV. Roughness (before and after soaking) of allylamine 
plasma coated UHMWPE for different pressures 
Pressure  
(kPa) 
Rrms of Aam plasma polymer films (nm) 
As deposited After stability test 
10 64.3 ± 1.7 90.5 ± 0.8 
50 52.2 ± 1.4 94.6 ± 3.2 
100 48.3 ± 1.8 100.2 ± 3.8 
 
10.3.4. Optimal plasma process parameters  
As already mentioned, the incorporation of amino groups by plasma 
generally occurs with that of other nitrogen functionalities. Therefore, 
the functionalization performance has to be characterized by both its 
efficiency and its selectivity.  
The efficiency of amino functionalization ([NH2]/[C] in %) will be 
quantified by the ratio of the density of amino groups to that of 
carbon. The selectivity of amino functionalization ([NH2]/[N] in %) will 
be quantified by the ratio of the density of amino groups to that of all 
nitrogen-containing groups. 
Table 10.XXVI shows the efficiency and selectivity of amino 
functionalization for all prepared samples.  
As seen from table 10.XXVI, amino selectivity and efficiency are quite 
high; this is due to the relatively low discharge powers used and the 
low amount of oxygen present in the coatings which is a crucial factor 
in the optimization of mono functionalization.  
For the used plasma process parameters, the highest amino 
efficiencies are obtained for samples S9, S10 and S5. These samples 
correspond to the highest monomer concentration (2 g/h), the lowest 
pressure (10 kPa) and the lowest power (5.7 W) respectively. Among 
them, samples S5 and S9 also have the highest amino selectivity.   
The search for an optimum amino efficiency combined with a high 
selectivity should therefore be focused mostly on the use of low 




Table 10.XXVI. Efficiency and selectivity of amino functionalization 
for allylamine plasma polymerized samples using different process 
parameters 
 [NH2]/[C] (%) [NH2]/[N] (%) 
S1 13.3 75.3 
S2 12.3 71.2 
S3 13.2 71.6 
S4 13.3 77.3 
S5 20.0 91.1 
S6 16.6 81.8 
S7 15.0 78.4 
S8 15.3 71.7 
S9 18.3 87.9 
S10 19.2 74.0 
S11 16.8 75.7 
S12 17.4 79.6 
 
For the film’s ageing behavior, if we compare the effect of the different 
process parameters on the samples’ hydrophobic recovery (ΔWCA) we 
see that power and pressure had the most significant influences on 
the ageing degree of the treated surfaces. Monomer concentration also 
had quite a significant effect on the ageing. However, plasma 
treatment time’s effect was much less pronounced and only a slight 
difference in the amount of hydrophobic recovery was observed 
between samples treated for short and long times. The lowest surface 
hydrophobic recoveries were observed in the cases of samples treated 
for long treatment times (3, 5 min), high power (24.0 W), low monomer 
concentration (1 g/h) and low pressure (10 kPa). However, if we look 
at the WCA values after ageing, we see that the samples that retained 
most of their hydrophilic character are the ones that were treated at 
low powers (5.7, 11.3 W), high monomer concentrations (1.5, 2 g/h) 
and high pressures (50, 100 kPa). Therefore, from the ageing behavior 
point of view, these plasma parameters would be more favorable for 
film’s deposition. 
For the film’s stability behavior, a comparison of the effect of the 
different process parameters on the remaining [N] (%) after soaking, 
and the resultant percentage of thickness decrease allows us to select 




stability. From the obtained results, we see that, the highest nitrogen 
percentages after soaking were obtained for samples treated for ≤ 2 
min, powers greater than or equal to 11.3 W, and pressures of 10 and 
50 kPa; the [N] (%) not being affected by the monomer concentration. 
As for the resultant percentage of thickness decrease, results show 
that, the lowest percentages of thickness decrease were obtained for 
samples treated for ≤ 2 min, 24.0 W, 1 g/h, 10 and 50 kPa. Therefore, 
from the stability behavior point of view, these plasma parameters 
would be more favorable for film’s deposition. 
Depending of the product’s final use one should carefully chose the 
plasma operating parameters always keeping in mind its shelf life 
and operating environment. In this study and since the intended 
application lies in the biomedical field, plasma parameters selection 
should mainly be focused on the coating’s stability behavior while 
keeping the ageing to a minimum. 
10.4. Conclusion 
In this study, allylamine has been plasma polymerized using a 
dielectric barrier discharge operating at high pressure. The aim of this 
work was to contribute to the understanding of the influence of 
plasma parameters on allylamine plasma polymer film properties, 
ageing and stability behaviors. For that, plasma treatment time, 
plasma power, monomer concentration and pressure were varied and 
their influence on the coatings’ chemical and physical properties was 
investigated.  
Results show that: 1) Coatings’ chemistry is not affected by the 
duration of the treatment. However, plasma treatment time has a 
significant influence on the roughness of the coatings; when time 
increases, roughness decreases which yields to a slight increase in 
WCA. 2) Power controls the chemical and physical properties of the 
coatings. At low powers, high [N] (16.9%) and [NH2] (15.4%) 
percentages with a high surface roughness are obtained. This leads to 
a decrease in WCA and is due to lower electron and ion densities 
obtained at low powers. 3) Monomer concentration also affects the 
chemistry and roughness of the coatings. At high monomer 




monomer molecules are less fragmented. This leads to a high amino 
concentration, a low surface roughness and a low WCA value. 4) 
Plasma polymer deposition rate is affected by both power and 
monomer concentration (W/FM). At low W/FM values, high deposition 
rates of up to 2 nm/s are observed. 5) Process pressure effect on the 
surface chemical composition can be seen from the WCA 
measurements where WCA was seen to decrease with pressure 
increase indicating that nitrogen percentage increased. This is due to 
the decrease of electron density obtained at higher pressure values 
leading to less monomer fragmentation. As a result, Rrms decreases 
because of the attenuated etching effect. 6) For the used plasma 
process parameters, amino efficiency varied between 12.3% and 20% 
and amino selectivity varied between 71.2% and 91.1%. The highest 
amino efficiency and selectivity were obtained for the lowest discharge 
power and the highest monomer concentration. 7) From the ageing 
point of view, the best performing materials that retained most of 
their hydrophilic character were treated at power ≤ 11.3 W, 
allylamine concentration ≥ 1.5 g/h and pressure ≥ 50 kPa. 8) From the 
stability point of view, the best performing materials that showed the 
highest post-stability [N] (%) and the lowest percentage of thickness 
decrease are the ones treated at ≤ 2 min, 24.0 W, 1 g/h and a pressure 
≤ 50 kPa. 
The properties and the behavior of the films in air and aqueous 
solution were found to be dependent upon the plasma conditions used. 
One can thus conclude that the plasma process parameters are major 


















CHAPTER 11: PROPERTIES, AGEING 
BEHAVIOR AND STABILITY OF 
BIPOLAR FILMS CONTAINING NANO-
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The results presented in chapter 11 will be published in the following international 
peer-reviewed journal: 
G. Aziz, M. Asadian, N. De Geyter, R. Morent 
Properties, ageing behavior and stability of bipolar films containing nano-layers of 
allylamine and acrylic acid plasma polymers 





Chemical inertness is the main weakness of polymer materials when 
placed in contact with biological environments. Known for their good 
chemical reactivity, primary amines (-NH2) and carboxyl (-COOH) can 
be used to tailor a polymer’s surface in order to overcome this issue. 
Moreover, in aqueous solution at physiological pH value, the 
protonated/deprotonated amino/carboxyl groups can introduce 
localized positive/negative charges to the surface thus increasing its 
affinity for cells, proteins and biomolecules [240-242]. This can 
provide different “anchor” sites usable for grafting biomolecules with 
different activities on the same substrate. 
Protein adsorption is highly affected by protein conformation and 
polymer surface hydrophilicity. Unfolded proteins preferentially 
adsorb onto hydrophobic polymer surfaces. And thus, in the case of 
UHMWPE which is used in total joint replacement, increase its 
sliding friction. This can be largely suppressed by rendering the 
substrate more hydrophilic. More hydrophilic surfaces preferentially 
adsorb proteins of native conformation, which form thicker, denser 
films that have the potential to reduce boundary-lubricated friction 
[243]. 
Widmer et al. [244] showed that hydrophobic polyethylene surfaces 
exhibit higher friction than hydrophilic ones. By using optical 
waveguide lightmode spectroscopy, they showed that proteins 
adsorbed onto hydrophobic surfaces occupy more surface area than 
those adsorbed onto hydrophilic surfaces. They therefore suggested 
that proteins denature during adsorption onto hydrophobic surfaces. 
This protein behavior has also been reported in relation to other 
applications [245, 246]. 
Our approach is to render the UHMWPE surface more hydrophilic 
and thus make it more similar to that of natural cartilage where the 
surface consists of very hydrophilic species, i.e. proteoglycans. 
Aggrecan is the major proteoglycan in the articular cartilage and the 
most crucial to its proper functioning. Aggrecan is a multifaceted 
molecule expressed by chondrocytes and having an amino and a 




In this study, positively/negatively charged surfaces based on plasma 
polymerized multistacked allylamine (Aam) and acrylic acid (Aac) 
films which contain alternating nano-layers of the –NH2 and –COOH 
functional groups were prepared. Different sets of monomer single-
layer with a total thickness of 180 ± 20 nm were synthesized and two 
kinds of coatings were obtained by changing the deposition sequence 
of Aam and Aac single-layers. 
The chemical and physical properties of these films were investigated 
using XPS and WCA analysis. Ageing behavior at ambient 
atmosphere for a period of 7 days was investigated using XPS and 
WCA analysis. Coating’s stability after soaking in D.I. water for 7 
days was also evaluated using XPS and OPS analysis. Moreover, cell 
tests using human foreskin fibroblasts were performed and 
evaluations were conducted after 1 and 7 days of culturing. 
11.2. Experimental conditions 
In previous works [247, 248], we investigated the plasma parameters 
effects on the properties and stability behavior of allylamine and 
acrylic acid plasma polymer coatings onto UHMWPE substrates. 
Results showed that the 24.0 W-1 g/h-100 kPa and 27.0 W-0.25 g/h-50 
kPa treatment conditions resulted in the most stable coatings while 
maintaining high amino/carboxyl concentrations, for allylamine and 
acrylic acid studies, respectively. 
In this study, bipolar films were prepared using these parameters 
while varying the Aam and Aac deposition times and deposition 
sequence as summarized in table 11.I. In this table, the 1st layer refers 
to the plasma polymer coating directly deposited on the UHMWPE 
substrate surface while the 2nd layer refers to the plasma polymer 











Table 11.I. Summary of the used treatment times for both sets of 
bipolar films 
Sample 
Deposition time (s)  
1st layer PPAam 2nd layer PPAac 
 PPAam-100nm/Aac-80nm 50  20  
PPAam-120nm/Aac-60nm 55  15  
PPAam-140nm/Aac-40nm 60  10  
 1st layer PPAac 2nd layer PPAam 
PPAac-100nm/Aam-80nm 60  40  
PPAac-120nm/Aam-60nm 90  20  
PPAac-140nm/Aam-40nm 120  10  
 
11.3. Results and discussions 
This study aims towards sequentially deposited high functional 
density film networks of allylamine and acrylic acid plasma layers 
having a strong interface. It consists of 3 parts: in the first part, the 
chemical and physical properties of the prepared bipolar coatings are 
investigated in order to see the influence of the used treatment 
conditions on the resulting films. In the second and third part, ageing 
and stability studies are conducted in order to evaluate these 
behaviors in the different prepared coatings and correlate them to the 
used experimental conditions. 
11.3.1. Chemical and physical structure of plasma 
polymeric films 
Bipolar films properties were investigated using XPS and WCA 
analysis. XPS is performed to reveal the top 10 nm surface chemistry 
of the films while WCA is performed to characterize the outermost 
surface layer chemistry. 
11.3.1.1. XPS analysis 
Based on XPS survey scans, the surface atomic composition of the 
films can be determined and the results are shown in table 11.II. 
For the PPAam/Aac samples where the first layer is an Aam plasma 
polymer and the second layer an Aac plasma polymer, one can see 
that the percentage of nitrogen detected in the top  




Aac treatment time to reach 3.1% for an Aac plasma deposition of 80 
nm. The oxygen percentage however, is much higher (29.5% for an 
Aac plasma deposition of 40 nm) and increases with Aac deposition 
time to around 32.0% for an Aac plasma deposition of 80 nm. For the 
PPAac/Aam samples where the first layer is an Aac plasma polymer 
and the second layer an Aam plasma polymer, one can see that the 
percentage of O incorporated for a 40 nm Aam deposit is 20.1%; 
moreover, this O% decreases with an increase in Aam deposition time. 
The N% for an 80 nm Aam deposit is around 13.5% and this % 
decreases with a decrease in Aam deposition time. 
One can see that for all samples, both N and O are present in the 
surface top 10 nm layer which can be associated to rearrangements in 
the first plasma polymer during the second layer deposition. This is 
due to the fact that, during plasma deposition, there are two 
competing processes that occur. One is the deposition of the film and 
the other is the ablation of both the already deposited film and the 
film being deposited. As described above and as seen in table 11.II, 
the thinner the second layer (shorter deposition times) the more 
pronounced the rearrangement effect on the surface chemical 
composition. Moreover, one should note that oxygen can also be 
incorporated to the surface via the reaction of radicals with the 
atmosphere which explains the high O percentage incorporated at the 
surface of PPAac/Aam films.  
Surface atomic composition of pure PPAac and PPAam coatings were 
added as reference. One can see that the amount of O and N 
incorporated after sufficient depositions of both Aac (80 nm) and Aam 
(60 nm) in PPAam/Aac and PPAac/Aam coatings respectively is very 










Table 11.II. Surface atomic composition of PPAac, PPAam, 
PPAam/Aac and PPAac/Aam coatings 
Sample C (%) N (%) O (%) 
PPAac 67.0 ± 0.4 0.0 ± 0.0 33.0 ± 0.6 
PPAam 80.4 ± 0.2 13.9 ± 0.6 5.6 ± 0.4 
PPAam-100nm/Aac-80nm 64.9 ± 1.2 3.1 ± 0.6 32.0 ± 0.8 
PPAam-120nm/Aac-60nm 66.5 ± 0.7 4.3 ± 0.9 29.2 ± 1.5 
PPAam-140nm/Aac-40nm 64.5 ± 0.6 6.0 ± 0.5 29.5 ± 1.1 
PPAac-100nm/Aam-80nm 74.8 ± 1.0 13.5 ± 0.2 11.7 ± 1.0 
PPAac-120nm/Aam-60nm 72.8 ± 1.3 13.0 ± 0.3 14.2 ± 1.1 
PPAac-140nm/Aam-40nm 69.9 ± 1.1 9.9 ± 0.5 20.1 ± 1.6 
 
Figures 11.1 and 11.2 show the high-resolution C1s and N1s spectra 
of plasma polymerized Aam and Aac films as well as the bipolar films 
formed by the layering of both films. As can be seen in figure 11.1a, 
C1s peak deconvolution of an Aam plasma polymer film shows 3 
peaks: a peak at 285.0 ± 0.1 eV which corresponds to C-C/C-H bonds, a 
peak at 286.4 ± 0.1 eV which corresponds to C-NH1,2 bonds, and a 
peak at 287.5 ± 0.2 eV which corresponds to CONH bonds [249]. As 
can be seen in Figure 11.1b, C1 peak deconvolution of an Aac plasma 
polymer film shows 4 peaks: a peak at 285.0 ± 0.1 eV which 
corresponds to C-C/C-H bonds, a peak at  
286.5 ± 0.1 eV which corresponds to C-O-C, C-OH bonds, a peak at 
287.7 ± 0.2 eV which corresponds to C=O bonds, and a peak at 289.2 ± 
0.1 eV which corresponds to COOH, COOR bonds [250]. As can be 
seen in figure 11.2a, N1s peak deconvolution of an Aam plasma 
polymer film shows 2 peaks: a peak at 399.1 ± 0.2 eV which 
corresponds to C–NH1,2  bonds, and a peak at 399.8 ± 0.1 eV which 
corresponds to CONH bonds. One should note that, N1s peak 
deconvolution was not possible for PPAac since the coating does not 
contain any nitrogen (table 11.II).   
High-resolution C1s and N1s spectra of PPAam/Aac and PPAac/Aam 
bipolar films present strong evidence for the presence of -NH3+ and –
COO- polar entities. In the case of the C1s peak, figure 11.1c shows 
the presence of a new peak at 288.7 eV for PPAam/Aac films 
compared to pure PPAam which reveals the formation of –COO- 
groups. Also, as shown in figure 11.1d, comparing to the –COOH peak 
of the pure PPAac film at 289.2 eV, there is a lower binding energy of 
288.7 eV (ΔeV = -0.5 eV) for the bipolar film; this shift is attributed to 




The N1s spectra give additional proof of the formation of polar groups. 
As can be seen in figures 11.2b and c, a new peak at 401.4 ± 0.2 eV is 
present. This peak does not exist in pure PPAam film and is 
attributed to the formation of –NH3+ groups in the bipolar films. 
Beside the mentioned 288.7 eV C1s peak shift and the formed 401.4 





























Figure 11.1. High resolution C1s XPS peaks of a) plasma polymerized 
allylamine (PPAam), b) acrylic acid (PPAac), and the bipolar film 
obtained by the sequential deposition of c) allylamine followed by 












Figure 11.2. High resolution N1s XPS peaks of a) plasma polymerized 
allylamine (PPAam), and the bipolar film obtained by the sequential 
deposition of b) allylamine followed by acrylic acid (PPAam/Aac) and 
c) acrylic acid followed by allylamine (PPAac/Aam) 
Tables 11.III and 11.IV show the chemical group concentrations 
extracted from the C1s and N1s survey spectra of PPAam, PPAac, 
PPAam/Aac and PPAac/Aam films, respectively. Based on these 
tables, if we compare the COO- and NH3+ peaks intensities for 
PPAam/Aac and PPAac/Aam films, we can see that the former films 




the peak at 288.7 eV in the C1s peak fitting, their percentage is much 
higher (16.7%) in the PPAam/Aac coating compared to the PPAac/Aam 
coating (1.7%). For the NH3+ groups characterized by the peak at 
401.4 eV in the N1s peak fitting, their percentage is much higher 
(53.0%) in the PPAam/Aac coating compared to the PPAac/Aam 
coating (13.0%).  This could be due to the reaction mechanisms 
involved in the covalent bonding of the 2 layers forming the films 
depending on the sequence of deposition. Figure 11.3, shows the 
reaction mechanism of bipolar films formed by (a) first depositing 
PPAam then PPAac and (b) first depositing PPAac then PPAam. 
Reaction preferences depends on the affinity each functional group 
has for the other which is limited by the bond dissociating energy of 
each functional site [11, 251]. As can be seen, in the first reaction (a), 
one NH2 group reacts with the double bonds of 2 Aac molecules, this 
yields a N(R)3 with 2 COOH terminal groups which could 
subsequently react with 2 NH2 groups to form polar NH3+/COO- 
groups. In the second reaction (b), one COOH group reacts with one 
NH2 group, this yields an amide group so no polar groups can be 
formed following this reaction. Different chemistries are therefore 
obtained depending on the deposition sequence (tables 11.III and 
11.IV). 
Table 11.III. XPS elemental data C1s deconvolution of PPAam, 
PPAac, PPAam/Aac and PPAac/Aam films 
Sample 
285.0  






































































Table 11.IV. XPS elemental data N1s deconvolution of PPAam, 
PPAam/Aac and PPAac/Aam films 
Sample 
399.1 ± 0.2 eV 
C-NH1,2 
(%) 
399.8 ± 0.1 eV 
CONH 
(%) 
401.4 ± 0.2 eV 
NH3+ 
(%) 
PPAam 71.2 ± 2.8 28.8 ± 2.8 0.0 ± 0.0 
PPAam/Aac 10.2 ± 0.9 36.8 ± 1.1 53.0 ± 1.5 
PPAac/Aam 64.2 ± 1.7 22.8 ± 1.4 13.0 ± 0.9 
 
Figure 11.3. Reaction mechanisms of a) PPAam/Aac and b) 
PPAac/Aam bipolar films  
11.3.1.2. WCA analysis 
Table 11.V shows the WCA values of pure PPAam, PPAac, 
PPAam/Aac and PPAac/Aam films.  
As can be seen, adding PPAac on top of PPAam in PPAam/Aac makes 
it considerably more hydrophilic (68.3° for PPAam and around 20° for 
the bipolar films). This is due to the increase in O% from 5.6% for 
PPAam to around 30% after Aac deposition (see table 11.II). There 
was no noticeable change in WCA amongst the different PPAam/Aac 
films since as already mentioned an increase in O% for increased Aac 
deposition times is accompanied by a decrease in N%.  On the other 
hand, adding PPAam on top of PPAac in PPAac/Aam makes it more 
hydrophobic (22.0° for PPAac and around 27° for the bipolar films). 
This is due to the considerable decrease in O% from 33.0% for PPAac 
to between 11.7 and 20.1% after Aam deposition (see table 11.II). One 
























this is due to the fact that the percentage of nitrogen incorporated is 
lower than the percentage of O decrease going from PPAac to 
PPAac/Aam coatings, plus O is more electronegative than N which 
gives it a more pronounced effect on the surface wettability. For the 
different thicknesses of Aam deposits, one can see that the WCA 
increases with Aam thickness increase. This is due to the decrease in 
O% going from a 40 nm to 80 nm Aam deposit. 
Table 11.V. WCA values of pure PPAam, PPAac, PPAam/Aac  and 
PPAac/Aam films 
Sample WCA (°) 
PPAam 68.3 ± 2.0 
PPAac 22.0 ± 1.5 
PPAam-100nm/Aac-80nm 19.2 ± 1.3 
PPAam-120nm/Aac-60nm  19.4 ± 1.7 
PPAam140nm/Aac40nm  20.2 ± 1.4 
PPAac-100nm/Aam-80nm 28.3 ± 1.0 
PPAac-120nm/Aam-60nm 27.1 ± 1.0 
PPAac-140nm/Aam-40nm 25.1 ± 0.7 
11.3.2. Ageing study 
Since the deposited coatings are intended to be used in biomedical 
applications which often require samples to be stored for a certain 
time period, evaluating film properties at the time of use is quite 
important.  For that, bipolar films properties after storage in ambient 
atmosphere for 7 days were investigated using XPS and WCA 
analysis.  
11.3.2.1. XPS 
Table 11.VI shows the variations in nitrogen and oxygen percentages 
before and after ageing for the deposited bipolar films. For nitrogen 
variation, as can be seen, for both bipolar series, the nitrogen 
percentage decreased with a slightly higher reduction for the 
PPAac/Aam coatings. For oxygen variation, as can be seen, for 
PPAam/Aac coatings, the oxygen percentage decreased after ageing. 
However, for PPAac/Aam coatings, the oxygen percentage increased 
after ageing. Moreover, there was no significant difference in Δ[N]% 
and Δ[O]% amongst the different films in each bipolar series.  
Nitrogen reduction in both bipolar series and oxygen reduction in 




time, polar structures migrate away from the surface in order to 
minimize its free energy. On the other hand, oxygen increase in 
PPAac/Aam coatings after ageing is attributed to amine oxidation. 
Table 11.VI. Nitrogen and oxygen percentages (before and after 









PPAam-100nm/Aac-80nm 3.1 ± 0.6 2.1 ± 0.6 1.0 ± 0.0  
PPAam-120nm/Aac-60nm 4.3 ± 0.9 3.4 ± 0.6  0.9 ± 0.3  
PPAam140nm/Aac40nm 6.0 ± 0.5 4.9 ± 0.6 1.1 ± 0.1 
PPAac-100nm/Aam-80nm 13.5 ± 0.2 11.2 ± 0.6 2.3 ± 0.4 
PPAac-120nm/Aam-60nm 13.0 ± 0.3 10.7 ± 0.7 2.3 ± 0.4 
PPAac-140nm/Aam-40nm 9.9 ± 0.5 7.9 ± 1.0 2.0 ± 0.5 
 [O] (%) 
Δ[O] 
(%) 
PPAam-100nm/Aac-80nm 32.0 ± 0.8 24.7 ± 0.9 7.3 ± 0.1 
PPAam-120nm/Aac-60nm 29.2 ± 1.5 24.0 ± 0.8 5.2 ± 0.7 
PPAam140nm/Aac40nm 29.5 ± 1.1 22.9 ± 0.4 6.6 ± 0.7 
PPAac-100nm/Aam-80nm 11.7 ± 1.0 13.7 ± 1.1 2.0 ± 0.1 
PPAac-120nm/Aam-60nm 14.2 ± 1.1 16.7 ± 0.6 2.5 ± 0.5 
PPAac-140nm/Aam-40nm 20.1 ± 1.6 23.0 ± 1.2 2.9 ± 0.4 
 
11.3.2.2. WCA 
Table 11.VII shows the variations in WCA values before and after 
ageing for the deposited bipolar films. As can be seen, for both bipolar 
series, WCA increases after ageing; this can be correlated to the XPS 
results where polar groups were seen to mostly move away from the 
surface. Despite the observed oxygen increase in PPAac/Aam coatings, 
its wettability is decreasing which can be due to the fact that XPS is a 
10 nm in depth surface characterization technique whereas WCA is a 
top layer surface characterization technique.  
Overall ageing wettability behavior of the films of each bipolar series 







Table 11.VII. WCA values (before and after ageing) of bipolar 
allylamine/acrylic acid films 
Sample 
WCA 
Just after treatment Ageing (7 days) 
PPAam-100nm/Aac-80nm 19.2 ± 1.3 27.6 ± 2.4 
PPAam-120nm/-Aac-60nm 19.4 ± 1.7 27.8 ± 2.1 
PPAam-140nm/Aac-40nm 20.2 ± 1.4 26.5 ± 2.7 
PPAac-100nm/-Aam-80nm 28.3 ± 1.0 35.6 ± 0.9  
PPAac-120nm/Aam-60nm 27.1 ± 1.0 33.1 ± 0.7 
PPAac-140nm/Aam-40nm 25.1 ± 0.7 33.9 ± 1.9 
 
11.3.3. Stability test 
As already mentioned, the deposited coatings are intended to be used 
in biomedical applications hence coating stability in aqueous 
environment is quite important. For that, bipolar films properties 
after soaking in D.I. water for 7 days were investigated using XPS and 
OPS analysis. 
11.3.3.1. XPS 
Table 11.VIII shows the variations in nitrogen and oxygen 
percentages before and after soaking for the deposited bipolar films. 
For nitrogen variation, as can be seen, for PPAam/Aac coatings, 
nitrogen percentage does not vary much after soaking. This is 
probably due to the fact that nitrogen is mostly incorporated in these 
films as NH3+ groups which are quite stable due to COO- interactions. 
This is not the case for PPAac/Aam coatings, where the % of NH3+ 
formed is much lower (table 11.IV) and therefore nitrogen 
functionalities are less stabilized which leads to their dissolution and 
thus to a decrease in nitrogen percentage after soaking. One can also 
see that the thinner the Aam coating is the lower the N% is after 
soaking. This is probably due to the fact that dissolution will have a 
bigger impact in this case since the closer to the 1st layer (Aac) we get 
the more rearrangements there will be and the lower the N% will be.  
For oxygen variation, as can be seen, for PPAam/Aac coatings, oxygen 
percentage decreases after soaking which is due to the dissolution of 
some oxygen functionalities. One can also see that, as was the case for 
nitrogen reduction in PPAac/Aam coatings, the thinner the Aac 
coating the lower the O% is after soaking. However, for PPAac/Aam 




attributed to the lower percentage of polar groups formed during 
PPAac/Aam deposition: the lower the amount of ionic bonds formed 
between the layers yields a lower stability of the films. So one can 
already speculate that a considerable thickness of the Aam layer has 
been dissolved in the water thus leading to an increase in surface 
oxygen percentage (this can be confirmed with the upcoming OPS 
results). The thinner the original Aam layer, the closer we get to the 
Aac coating and the higher the O% obtained after soaking.  
Amongst the prepared PPAam/Aac films, the most stable films which 
maintained the highest O% after soaking are PPAam-100nm/Aac-
80nm and PPAam-120nm/Aac-60nm. And amongst the prepared 
PPAac/Aam films, the most stable film which maintained the highest 
N% after soaking is PPAac-100nm/Aam-80nm.   
Table 11.VIII. Nitrogen and oxygen percentages (before and after 
stability) of bipolar allylamine/acrylic acid films 
Sample 
Just after treatment Stability (7 days) 
[N] (%) 
PPAam-100nm/Aac-80nm 3.1 ± 0.6 3.0 ± 0.6 
PPAam-120nm/Aac-60nm 4.3 ± 0.9 4.1 ± 0.6 
PPAam140nm/Aac40nm 6.0 ± 0.5 6.0 ± 0.6 
PPAac-100nm/Aam-80nm 13.5 ± 0.2 6.4 ± 0.6 
PPAac-120nm/Aam-60nm 13.0 ± 0.3 4.3 ± 0.2 
PPAac-140nm/Aam-40nm 9.9 ± 0.5 3.4 ± 0.3 
 [O] (%) 
PPAam-100nm/Aac-80nm 32.0 ± 0.8 26.9 ± 0.7 
PPAam-120nm/Aac-60nm 29.2 ± 1.5 25.0 ± 1.0 
PPAam140nm/Aac40nm 29.5 ± 1.1 21.3 ± 1.1 
PPAac-100nm/Aam-80nm 11.7 ± 1.0 23.1 ± 1.5 
PPAac-120nm/Aam-60nm 14.2 ± 1.1 24.8 ± 1.3 
PPAac-140nm/Aam-40nm 20.1 ± 1.6 26.8 ± 1.2 
 
11.3.3.2. OPS 
Table 11.IX shows the percentage change in thickness for the 
prepared bipolar films. As seen from this table, PPAam/Aac films are 
more stable in water than PPAac/Aam films which is consistent with 
the previously shown XPS results and is believed to be due to the 
higher amount of ionic bonds in PPAam/Aac films leading to a higher 




each bipolar films series, no particular difference in coatings stability 
was depicted. 
 
One can also notice the large obtained standard deviations. This is 
probably due to a non-homogeneous surface dissolution which is not 
occurring in a layer by layer mode but in a more localized way thus 
creating holes in the surface. This can be attributed to the bipolar 
nature of the coatings where film removal is harder when bipolar 
interactions are present (NH3+/COO-) and easier when bipolar 
interactions are absent (neutral N and O functionalities). 
 
Table 11.IX. Percentage of thickness decrease for bipolar 





PPAam-100nm/Aac-80nm 20.0 ± 7.2 
PPAam-120nm/Aac-60nm  22.5 ± 9.5 
PPAam-140nm/Aac-40nm  23.3 ± 8.2 
PPAac-100nm/Aam-80nm 39.7 ± 11.9 
PPAac-120nm/Aam-60nm 37.3 ± 8.3 
PPAac-140nm/Aam-40nm 40.3 ± 10.0  
 
11.3.4. Cell tests 
For biocompatibility evaluation, cell tests were performed for 
untreated, PPAam, PPAac, and two selected bipolar films with 
different deposition sequence. Cell viability percentage after 1 and 7 
days culture are shown in figure 11.4. As can be seen, PPAac coatings 
showed low cell affinity and extensive standard deviations compared 
to the other plasma treated samples. This is attributed to the 
relatively limited stability of the coating and the substantial hole-
forming dissolution of the film where cells grow preferentially. This 
was confirmed by OPS measurements performed before and after 
soaking (results not shown here) where film loss and standard 
deviations were considerably high. One can also see that, all other 
treated films showed better cell viability than the untreated 
UHMWPE. After 1 day culture, cell viability was higher for both 
bipolar films compared to the PPAam film with a higher cell viability 




remained higher on the PPAam/Aac film compared to both PPAam 
and PPAac/Aam films that showed close cell viability percentages 
when taking their standard deviations into account.  
This suggests that the NH3+/COO- bipolar groups act as reactive 
binding sites within the network. This leads to a higher cell density 
after 1 day culture on the bipolar coatings as compared to the PPAam 
coating with a higher cell density on the PPAam/Aac ionic binding 
sites loaded film. The higher cell density obtained after 7 days culture 
on the PPAam/Aac film can be linked to the greater film stability 
which is correlated to the considerable amount of polar groups 
incorporated during plasma treatment. 
For the bipolar coatings one can also notice a reduction in cell viability 
after 7 days culture as compared to 1 day culture; this can be linked to 
the stability behavior of the films. As one can see, the reduction is 
very minor in the case of PPAam/Aac coating which showed greater 
stability and is more noticeable in the case of PPAac/Aam coating 
which showed lower stability.  
 
Figure 11.4. Cell viability percentage after 1 and 7 days cell 
proliferation test for untreated, PPAam, PPAac, PPAam/Aac and 








In this study, allylamine and acrylic acid bipolar coatings were 
deposited onto UHMWPE using a dielectric barrier discharge. Various 
films were prepared by changing the single-layer thickness of both 
PPAam and PPAac and two film series were obtained by changing the 
deposition sequence of both layers. Chemical and physical properties 
of these coatings were investigated and their ageing and stability 
behaviors after storage at ambient atmosphere and soaking in D.I. 
water for a period of 7 days, respectively, were evaluated. Results 
showed that, after plasma deposition, bipolar NH3+/COO- groups were 
present in both prepared film series with a higher amount present in 
the PPAam/Aac films. For the ageing test, results showed that both 
bipolar series underwent surface modification after storage which was 
shown via XPS and WCA analysis and this change depended on the 
deposition sequence and not on the thickness of the deposited layers. 
For the stability test, XPS and OPS results showed that PPAam/Aac 
films were more stable than PPAac/Aam films which is due to the 
higher amount of bipolar groups formed in the former films. Stability 
behavior depended on both the deposition sequence and the thickness 
of the deposited layers with the highest surface chemistry stability 
obtained for PPAam-100nm/Aac-80nm, PPAam-120nm/Aac-60nm, and 
PPAac-100nm/Aam-80nm coatings. Moreover, cell tests were 
performed in order to evaluate the cell-material interaction properties 
of these films. Results showed that, after 1 day cell culture, cell 
viability was higher on the bipolar films as compared to PPAam and 
PPAac with a higher cell density obtained for the PPAam/Aac film; 
this was attributed to the presence of bipolar groups that act as 
biomolecule binding sites. And after 7 days culture, cell density was 
seen to decrease as compared to after 1 day culture which was 
attributed to the stability behavior of the coatings but remained the 














CHAPTER 12: GENERAL 










12.1. General conclusions 
The work described in this thesis concerns the surface modification of 
UHMWPE by functionalization processes. For this, plasma activation, 
post-irradiation grafting, UV and plasma polymerization were used. 
In particular this thesis focused on thin polymeric films bearing 
amine functionalities synthesized by plasma polymerization of an 
amino group containing monomer (allylamine). In addition to the 
synthesis, attention was directed towards the characterization of the 
films and the tailoring of their surface properties on a molecular level 
while taking into account their ageing and stability behaviors.  
 
In a first step (Chapter 8), plasma activations in different discharge 
atmospheres (helium, nitrogen, argon, air) were conducted. These are 
effective for inducing surface chemical and physical changes leading 
to the incorporation of various polar functional groups and changes in 
surface topography. Post-plasma sterilization processes (ethanol 
rinsing/ UV exposure) were investigated and it was found that UV 
exposure has minimal to no influence on the plasma induced surface 
chemical composition which makes it a more adequate post-plasma 
sterilization technique. All activated samples showed improved 
hydrophilicity which lead to better cell-material interactions. 
 
For an amino surface functionalization, in the following step (Chapter 
9), plasma polymerization, post-irradiation grafting and UV based 
techniques were used for allylamine polymer deposition. This yielded 
relatively stable coatings that significantly improved UHMWPE cell 
interactions. 
 
Afterwards (Chapter 10), the influence of plasma parameters such as 
treatment time, plasma power, monomer concentration and pressure, 
on the film composition was investigated using different 
characterization techniques. By careful selection of process conditions, 
it was possible to produce thin films with a large variety in chemical 
structure and physical properties. In general it was found that the 
amino group functionality of the monomer was increasingly retained 
in the plasma polymer with decreasing power input and increasing 
monomer concentration and pressure. 
 
The parameters employed during plasma polymerization of allylamine 
strongly affected the ageing behavior during storage in air. It was 
found that films polymerized at low powers, high monomer 





Thickness measurements on plasma polymers showed that the films 
contained low molecular weight material that could be removed by 
extraction in water. The film thickness decrease was also found to be 
related to the parameters employed during polymerization. The lowest 
percentage of thickness decrease was obtained for short treatment 
times, high powers, low monomer concentrations and low pressures. 
This behavior was explained by the higher crosslinking densities 
obtained under these conditions. 
 
In the last chapter (Chapter 11), bipolar films obtained by subsequent 
allylamine (PPAam) and acrylic acid (PPAac) plasma polymer 
deposition were investigated. This was done by changing the single-
layer thickness and the deposition sequence of both plasma polymer 
layers (PPAam/Aac and PPAac/Aam). It was found that bipolar 
NH3+/COO- groups were present in all prepared coatings with a higher 
amount in the PPAam/Aac coatings. 
Reduced ageing and a better stability were obtained for the 
PPAam/Aac coatings. This was attributed to the higher amount of 
polar groups present in these coatings which confer strong ionic 
interactions between the layers. Both bipolar coatings showed higher 
cell affinity than pure allylamine and acrylic acid coatings with a 
higher affinity for PPAam/Aac coatings. This was due to the presence 
of bipolar groups which act as biomolecule binding sites. 
 
In summary, this thesis has shown that plasma can be a really 
powerful tool for surface modification for biomedical applications. 
Particularly, plasma polymerization can lead with careful choice of 
process conditions to selective chemistries and surface properties in 
plasma polymers. Going from “monofunctional” amino to 
“bifunctional” bipolar NH2/COOH coatings also showed very 
promising attributes as next generation alternative coatings.  
 
12.2. Outlook 
Results obtained during this work highlight the increased surface 
wettability after coating deposition which motivates further 
investigation of the effect of hydrophilicity on friction. Interesting 
experiments that may be carried out involve characterizing coating’s 
coefficient of friction by pin-on-disk wear testing. In this way, the 
performance of the prepared UHMWPE coated samples could be 
tested as potential alternative for plain UHMWPE in joint implants; 
this necessitates detailed exploration to demonstrate improvement. 




be able to treat in the same way the larger and more complex shaped 
UHMWPE used in joint implants. 
 
Moreover, in terms of future work, there are several areas in this 
thesis that would benefit from further investigation. It would be 
interesting to study the plasma polymerization process itself, using a 
mass spectrometer to confirm the reactions that we believe are 
occurring inside the reactor. Further work could also be carried out to 
better characterize the deposited coatings; for example, coating’s 
hardness and resistance to scratch can be investigated by indentation 
and mechanical abrasion studies.  
 
This thesis provided the conclusion that plasma polymerization has 
great potential for biomaterial surface modification. NH2 as well as 
NH2/COOH functionalized coatings are promising candidates for 
enhanced cell-material interactions. These functional groups can also 
be used for the immobilization of various biomolecules which would 
provide a broader spectrum of application in the biomedical field. 
However, further extensive investigations are required in order to 
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